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Nanostructured enzymatic biofuel cells with high power density output and 
prolonged lifetime were developed by the incorporation of carbon nanotubes into 
redox polymer-enzyme films. The performance of the enzymatic biofuel cells was 
optimized by dispersing carbon nanotubes with different surfactants, modifying the 
method of nanotube incorporation, and varying the nanotube type and loading. The 
first part of this work focused on fabricating high surface area of single walled carbon 
nanotubes (SWNTs) for construction of redox polymer-enzyme based electrodes. It 
was demonstrated that the deposition of SWNTs(6,5) films onto glassy carbon 
electrodes from suspensions of the non-ionic surfactant Triton X-100 resulted in the 
highest response to glucose, producing current densities of ~1.7–2.1 mA/cm
2
. In 
contrast the formation of SWNTs networks from anionic surfactant suspensions (i.e. 
sodium cholate and NaDDBS) showed a decrease in the glucose response.  
To demonstrate that these SWNTs networks could be applied to anodic films 
that contained enzymes other than glucose oxidase, we constructed redox polymer-
enzyme films both with and without SWNTs but with the enzyme fructose 
dehydrogenase (FDH). We demonstrated that the electrochemical and enzymatic 
properties of FDH/redox polymer electrodes were highly dependent on both the pH of 
the enzyme solution and the redox polymer solution. The maximum current density of 
Fc-C6-LPEI/FDH electrodes was 245 µA/cm
2
. Modification of GCEs with SWNTs (6, 
5) films prior to coating of the Fc-C6-LPEI/FDH films resulted in an increase in the 
fructose response to ~ 1 mA/cm
2
. Fabrication of enzymatic biofuel cells based on 
these films produced a power density of 29 µW/cm
2
 in response to fructose. 
The role of SWNTs conductivity was investigated by comparing the 
performance of electrodes coated with SWNTs networks made from dispersions of 
xviii 
 
conductive SWNTs(7,6) and semiconducting SWNTs(6,5). It was demonstrated that 
network of SWNTs(7,6) showed higher glucose response than networks of 
SWNTs(6,5) when coated with a mixture of the ferrocene redox polymer (FcMe2-C3-
LPEI) and the enzyme (GOx). Optimizing the composition of SWNTs(7, 6) networks 
resulted in a maximum current density response to glucose of 11.2 mA/cm
2
. 
Furthermore, a novel method (mixing/ two layer method) was developed by 
incorporating carbon nanotubes into redox polymer-enzyme hydrogel films that were 
deposited onto the SWNTs networks. This mixing/two layer method resulted in a 
further increase in the response to glucose to 16.2 mA/cm
2
 at 37 
o
C. In addition, the 
stability of FcMe2-C3-LPEI / GOx electrodes increased with the incorporation of 
SWNTs. Applying the optimized SWNTs method to cathodes that were coated with a 
chloro-ferrocene redox polymer (Cl-Fc-LPEI) and the enzyme laccase generated 
biofuel cells that produced a maximum power density of 802 µW/cm
2
 at 355 mV and 
at 37
 o
C.    
Finally, we evaluated the potential of high surface area vertically aligned 
multiwalled carbon nanotubes (MWCNTs) forests as an electrode platform. Coating 
of these MWCNTs platforms with a mixture of ferrocene redox polymer (FcMe2-C3-
LPEI) and the enzyme glucose oxidase produced electrodes that were responsive to 
glucose despite the fact that a majority of the MWCNTs (>99%) were 









Chapter 1:  
Introduction and Background Information 
INTRODUCTION 
Enzymatic biofuel cells (EBFCs) are devices capable of generating electrical 
energy directly from chemical energy via electrochemical reactions using renewable 
biocatalysts (enzymes) 
1, 2, 3, 4
. The first enzyme based glucose/O2 biofuel cell was 
reported by A.T.ahiro et al in 1964
5
. In their system, a flavoprotein (glucose oxidase 
or D-amino acid oxidase) anode, coupled with an O2 cathode generated voltages 
between 175 mv and 350 mv. Since then, considerable attention has been drawn to the 
development and improvement of EBFCs due to the great advantages conferred by the 
biological catalysts. The presence of a biocatalyst (redox enzyme) endows some 
unique properties to the enzymatic biofuel cell, which differ from conventional fuel 
cells typically requiring expensive inorganic catalysts such as platinum.  EBFCs tend 
to operate under mild conditions (25-40 
o
C, and near neutral pH), while conventional 
biofuel cells operate under harshly acidic conditions and high temperatures exceeding 
80 
o
C. The high specificity of an immobilized enzyme in a biofuel cell to a particular 
substance eliminates the need to separate the anode and cathode compartments by a 
membrane; this allows for construction of compartment-less enzymatic biofuel cells. 
Meanwhile, the variety of natural mass able to be transformed by enzymes provides a 











 have been investigated as possible fuel sources 
for EBFCs. Among these options, glucose, used to construct glucose/O2 biofuel cells, 
gains the most attention due to the natural presence of both components in the blood 
serum of humans with a concentration of 5 mM (glucose) and 0.1 mM (O2), 
respectively. Glucose/O2 enzymatic biofuel cells could utilize the fuel glucose or O2 
2 
 
directly from the blood flow, potentially providing a long term power supply for 
implantable medical devices (IMDs). Table 1.1 shows the applications, power 
requirements, and current battery sources for some IMDs. The power requirements of 
implantable medical devices are relatively low, in the range of a hundred microwatts 
to several milliwatts. For example, cardiac pace makers only require ~100µW of 
electrical power consumption, while hearing aids require less than 50 µW of power.  
Table 1.1 Implantable medical devices applications and power consumption
15
  



























300 µW to 50 
mW 
Li/SOCl2 3.5 V 3-6 years 
Bladder control Sacral nerve 
stimulation 




3.5 V 3-5 years 
Hearing loss Cochlear Implant 200 µW to 50 
mW 
Zinc-Air 1.35-1.4 V 10-60 
hours 
Spasticity Drug pump 100 µW to 
2mW 

















Figure 1.1 Approximate power output of electrochemical devices including biofuel 
cell, conventional fuel cell, battery etc (from ref 16).  
 
Although EBFCs show exciting potential, some obstacles, such as low power 
density, low operation potential, and poor stability, must be overcome for practical 
applications
16
.  Currently, EBFCs have been shown to produce a few hundred 
microwatts of power density whereas conventional fuel cells generate power ranging 
from a few watts to several hundreds of megawatts. The graph shown in Figure 1.1 
(R.A.Bullen et al.
17
) compares the power output of biofuel cells with conventional 
fuel cells and other electrochemical devices, and suggests that a credibility gap 
between biofuel cells and conventional fuel cells need to be filled to achieve real 
world application. The lifespan of current EBFCs are short due to the inherent 
instability of enzymes, typically on the order of 7-10 days. Moreover, most 
implantable medical devices in Table 1.1 require a minimum voltage of 1.3 V or 
higher to operate, whereas the cell voltage of enzymatic biofuel cells is limited to 
around 0.88 V on the high end
18
.  Compared to battery systems for implantable 
medical devices, current glucose/O2 biofuel cells cannot compete with (i) the Li/I2 
battery in cardiac pacemakers due to shorter lifetime, and (ii) Li/SOCl2 battery in 
nerve, cord, or deep brain stimulator and drug pumps, because of lower potential 
4 
 
output.  Therefore, in order to achieve the application of EBFCs, research needs to 
focus on several areas including: (i) increasing the power output; (ii) increasing the 
operation potential; and (iii) increasing the lifespan. The combination of the attractive 
application prospects of EMBCs and demand for improvements in the function of 
EMBCs provides the motivation for this research.  
PURPOSE OF THE WORK 
The purpose of this work is to design and fabricate nanostructured enzymatic 
biofuel cells with the incorporation of carbon nanotubes in an attempt to improve the 
power density output and cell lifetime. The excellent electronic properties of carbon 
nanotubes, along with their extraordinary chemical structure, make them favorable 
electrode materials for construction of enzymatic biofuel cells
7, 19
. Several nanotube 











. The properties of these nanostructures are highly 
dependent on the carbon nanotube type (e.g. single-walled vs. multi-walled), nanotube 
conductivity, incorporation method, as well as the degree of nanotube bundling. In 
previous studies, our group has demonstrated that the incorporation of single wall 
carbon nanotubes (SWNTs) into a redox polymer/enzyme hydrogel film by a novel 
mixing method dramatically increased both the electrochemical and enzymatic 
response of the sensors
27
. The incorporation of SWNTs into cross-linked films of 
glucose oxidase (GOX) and a ferrocene redox polymer film resulted in a 4-5 fold 
increase in the oxidation and reduction peak currents during cyclic voltammetry, 
while the glucose electro-oxidation current increased 5-fold, reaching 2 mA/cm
2
. 
Furthermore, the enzymatic stability of the electrodes was also improved with the 
incorporation of nanotubes. Similar effects were also observed when SWNTs were 







] (PVP-Os), which showed a 3-fold increase 
in the glucose response
28
. The high current densities of redox polymer mediated 
enzyme electrodes obtained with the incorporation of nanotubes in the previous 
studies led us to investigate the possibility of constructing a nanostructured biofuel 
cell with high power density output and long lifetime. Since electrodes bio-
catalytically modified with enzymes are the key component of the biofuel cell, the 
effect of nanotube de-bundling degree, nanotube incorporation method, nanotube 
type, and redox polymer/enzyme hydrogel loading on the performance of enzymatic 
electrodes was systematically studied and optimized. I propose to test the following 
hypotheses: 
(i)       Providing a high surface area network of nanotubes, by direct 
solution casting of well dispersed nanotube solution onto 
electrodes, will increase the electrochemical and enzymatic 
performance of enzyme electrode;  
(ii)       Incorporating different type of single walled carbon nanotubes 
(7,6) film in the redox polymer/enzyme electrode would affect the 
electrochemical and enzymatic property of electrodes. 
(iii)       The nanotube loading and redox polymer/enzyme solution loading 
are important factors affecting the electrochemical and enzymatic 
performance of electrodes;  
(iv)       The incorporation of nanotubes into the redox polymer/enzyme 
hydrogel film on nanotube modified electrodes could further 




(v)      The incorporation of carbon nanotubes into redox polymer-enzyme 
hydrogel electrodes might be applicable to construct various 
enzymatic electrodes with improved electrochemical and 
enzymatic performance. 
Finally, novel enzymatic biofuel cells will be constructed based on the 
optimized nanotube-enzymatic electrodes and be evaluated for their stability, power 
density output, and operating potential. The remainder of this chapter will provide 
concise background information necessary for understanding the work presented in 
the subsequent chapters. 
BACKGROUND 
Enzymatic biofuel cell  
Enzymatic biofuel cells (EBFCs) are capable of utilizing biological species 
(enzymes) to directly generate power from chemical energy via electrochemical 
reactions.  Redox enzymes are attractive catalysts for constructing biofuel cells due to 
their high catalytic activity and selectivity. Redox enzymes can either be dissolved or 
suspended in solution within the anodic or cathodic compartment of the cell, or they 
can alternatively be immobilized at the electrode surface. Immobilization of enzyme 
onto electrodes is normally preferred in order to achieve effective electron 
communication to the electrode surface and to eliminate the need for membranes to 
separate the anode and cathode. In addition, the stability of enzymes is generally 
improved when they are immobilized
29, 30
. The use of redox enzymes in biofuel cells 
endows some unique properties to enzymatic biofuel cells, in contrast to conventional 
biofuel cells, such as operating under mild temperature of (20-40°C) and 
physiological pH condition, and eliminating the need for membranes due to the high 
selectivity. A schematic of an enzymatic biofuel cell configuration is shown in Figure 
7 
 
1.2. When a proper fuel is introduced, it can be either partially or totally oxidized at 
the anode, releasing electrons. The electrons from this process transfer to the electrode, 
via direct electron transfer (DET) or by the introduction of a redox mediator I via 
mediated electron transfer (MET), then flow through the external circuit to reduce 
oxygen to water at the cathode either directly or facilitated by mediator II.  
In DET, electrons from enzyme active sites are directly transported to the 
electrode surface. The distance between enzyme active sites and an electrode surface, 
as well as redox enzyme orientation, is an important factor affecting the electron 
transfer process. Theoretical and experimental research has shown that the electron 
transfer rate between molecules decays exponentially with the distance between the 
involved centers
31, 32
. For redox enzymes, the electron transfer rate decreases by 10
4
 
when the distance between an electron donor and an acceptor increases from 8 to 
17Å
33
. Enzymes like laccase 
34, 35
 or fructose dehydrogenase
9, 36
 can achieve direct 
electron transfer between their active sites and electrode surface. However, the direct 
electrode transfer between the active sites of most enzymes and electrodes is not 
possible since the presence of thick insulating protein layers that surround the 
enzyme’s redox centers makes them inaccessible. Taking glucose oxidase (GOx) for 
example
37
, the glycoprotein shell around the FADH2 active centers inhibits electrons 
transferring from the redox centers of reduced GOx to most electrode surfaces. 
Therefore, redox mediators are commonly employed to facilitate electron transport, in 
a process termed as mediated electron transfer. Mediators allow for the shuttling of 
electrons from the enzyme active sites to the electrodes, regardless of the orientation 
or proximity of the enzyme active sites to electrodes. The choice of mediator type is 
affected by the specific design parameters and potential application of the biofuel cell. 
In order to construct a single compartment biofuel cell, immobilization of the enzyme 
8 
 
and the redox mediator onto the electrode surface are normally necessary to avoid any 
crosstalk reactions between the anode and cathode, and an electrical short in electron 
transfer routes. If high current and power outputs are the only requirements, a high 




Figure 1.2 Schematic of an enzymatic biofuel cell without and with mediator. Redox 
mediator I shuttles the electron from enzyme to the electrode surface at anode, and 
redox mediator II mediated the electron transfer at the cathode. Greed color of 
mediator I and II represents the oxidized status, while the yellow color is the reduced 
status  
 
There is a wide range of available substrates such as glucose, fructose, ethanol, 
pyruvate, alcohols, fatty acids, or even waste materials being used as possible fuel for 
EBFCs.  Among these, glucose gains the most attention to construct glucose/O2 
biofuel cells as an alternative energy source for implantable medical devices due to 
the presence of glucose and oxygen in human blood serum with concentrations of 5 
mM and 0.1 mM, respectively. Meanwhile, the products produced in the anode and 
cathodes are naturally occurring metabolites, in low concentration. The enzyme 
applied to construct enzyme electrodes is selected based on the type of substrate and 
Mediator I Mediator II 
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the reaction mechanism. For a glucose/O2 biofuel cell, glucose oxidase and glucose 
dehydrogenase have been widely studied as the biocatalysts in the anode to oxidize 
glucose to gluconolactone, while blue copper-containing oxidases such as laccase or 
bilirubin oxidase (BOD) have been applied to reduce oxygen into water at the cathode. 
The schematic of a glucose/O2 biofuel cell, using glucose oxidase and laccase as the 
enzymatic catalyst in the anode and cathode, is shown below in Figure 1.3. The half 
reaction on the anode and cathode, as well as total reaction of the glucose/O2 biofuel 
cell is shown below: 
Anode:  
  eHtonegluconolaceGlu 22cos          (1)   EӨ=-0.25V vs. Ag/AgCl 
Cathode:  OHeHO 22 222
1
                                 (2)   E
Ө
=+0.75V vs. Ag/AgCl 




         (3)   E
Ө
=1 V vs. Ag/AgCl 
 
 
Figure 1.3 Schematic of a glucose/O2 EBFC that uses GOx and laccase as enzymatic 
catalysts on the anode and cathode. 
 
Redox Enzyme type  
Various types of enzymes may be applied to construct the anode and cathode 
of EBFCs, depending on the type of substrate and the reaction mechanism. Redox 
enzymes applied in biofuel cells are of the oxidoreductase family, which are able to 
10 
 
catalyze oxidation and reduction reactions
38
. For convenience in establishing electron 
transfer between enzymes and electrode surface, Heller et al reported 
39
 that redox 
enzymes can be divided into three groups based on the location of enzyme active 
centers and method used to establish electron transfer between enzymes and 










Figure 1.4 Schematic of three different groups of redox enzyme described by Heller 
et al. (A) type I redox enzyme with diffusive active center, (B) type I redox enzyme 
with active centers located on the periphery of the enzyme, (C) Type III enzyme with 
strongly bound and deep buried redox centers. 
 





 as their redox center, such as glucose dehydrogenase and AlcDH. 
In this type of enzyme, the redox centers are weakly bound to the protein of the 
enzyme, and could work as a diffusion redox mediator shuttling electrons between 
different redox biomolecules
17





 electrodes, such as loss of the redox center when 
exposed to substrate. The out-diffusion of redox centers out of the enzyme could be 

























spacer chain, allowing for the wiggling of the centers between enzyme and electrode 
surface.  
The second group of redox enzyme contains redox centers, usually porphyrin 
derivatives, located at or near the periphery of the protein shell. One example is 
glucose dehydrogenase
40
. These enzymes can transfer or accept electrons on contact, 
thus allowing for the construction of enzyme electrodes via direct electrical 
communication.  The rate of electron transfer varies depending on their orientation on 
the electrode surface. The third group of redox enzymes are the flavoenzymes, which 
contain a strongly bound flavin adenine dinucleotide (FAD) redox cofactor buried 
deep inside the protein structure. Direct electrochemical response between the FAD 
active site of the flavoprotein enzyme and electrode surface is normally extremely 
difficult.  
Anodic enzymes 
The most extensively studied anodic enzyme in the glucose/O2 biofuel cell, 
glucose oxidase, is a dimeric flavoenzyme with a molecular weight of 160 kDa, 
containing one FAD cofactor per monomer. Some reports have suggested that it is 
possible to achieve direct electron transfer between the FAD active sites of glucose 
oxidase with the electrode surface with the aid of nanomaterials such as gold 
nanoparticles
41
 or single wall carbon nanotubes
40, 42, 43
. Anthony Guiseppi et al 
reported that both glucose oxidase (GOx) and FAD spontaneously adsorbed onto 
unannealed carbon nanotubes, displaying direct electron transfer between the FAD 
active sites of GOx and SWNTs
44
.  Equations (4) and (5) show the widely accepted 














The production of H2O2 by the enzymatic reduction of oxygen by glucose 
oxidase is undesirable in an enzymatic biofuel cell, because the production of H2O2 
might compete with electron transfer to the electrode, lowering the performance of a 
biofuel cell
45
. Introducing a redox mediator is of interest to construct mediated 
glucose oxidase electrodes due to the high current density output it might provide. 
Meanwhile, the competition of oxygen for electron transfer from the active sites of 
GOx to produce H2O2 can be minimized if the rate of electron transfer via the 
mediator is higher than the rate of the enzyme reaction with oxygen. The mediated 
















Where M(ox) and M(red) are the oxidized and reduced forms of the mediator.  
As an alternative enzyme, glucose dehydrogenase (GDH), with different 
cofactors including pyrroloquinoline quinone (PQQ)
46
, nicotinamide adenine 
dinucleotide (NAD) 
47
, or flavin adenime dinucleotide (FAD) 
48
, has recently gained 
some attention to construct glucose anode electrodes
49
. Compared with glucose 
oxidase, the main advantage of using glucose dehydrogenase is its insensitivity to 
oxygen. However, there are some disadvantages of GDH associated with the different 
cofactors, which limit their application in EBFCs. For example, PQQ-GDH has a low 
selectivity due to the oxidation of saccharides such as mannose, maltose, lactose etc., 
and it showed a poor stability under continuous operation
50
. Similarly, the preparation 
of FAD dependent GDH is complicated and costly
51
. For the NAD cofactor dependent 
GDH, an artificial electron transfer mediator needs to be introduced into the system, 
due to the poor electrochemical reversibility of both the oxidized (NAD
+






form (NADH). Besides, NAD dependent GDH exhibits a lower turnover frequency 
(75s
-1
) than that of FAD bounded GOx (1900 s
-1




Laccase and bilirubin oxidase (BOD) are the two common enzymes applied to 
reduce oxygen into water in the cathode of biofuel cell. Both of them belong to the 
multi-copper oxidase family of enzymes, due to the presence of coordinated copper 
centers (T1, T2 and T3) that catalyze the oxidation of substrates with phenolic 
structures and reduction of oxygen to water. A general mechanism for this process is 
that the T1 copper site, located close to the surface of enzyme, accepts electrons from 
the substrate, then passes them to the T2/T3 tricopper cluster through a His-Cys-His 
chain, in which O2 is coordinated and reduced to water
53, 54
. Although the oxygen 
reduction catalytic mechanisms for laccase and BOD are similar, there are some 
differences in their properties.  Laccase prefers to operate in the pH range between 4 
and 5, and is inhibited by halide ion such as Cl- and F-, whereas the optimal pH of 
BOD is at 7 and is tolerant to halide ions when immobilized in cross-linked redox 
polymer films. The T1 site of laccase exhibits a higher redox potential than that of 
BOD, which might result in the high catalytic efficiency (kcat/kM) of laccase to the 
majority of the aromatic reducing substrates.  
Key Performance characteristics 
Similar to a conventional biofuel cell, the parameters used to evaluate the 
enzymatic biofuel cells include the cell voltage, power density, and stability. These 
parameters can be estimated through electrochemical measurements, such as 
polarization curves, power curves, and constant potential tests. The power extracted 
from EBFCs (Pcell) is the product of cell voltage (Ecell) and the cell current (I cell), as 
described in the following equation (9), 
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cellcellcell IEP              
Thus, the increase in power density output of EBFCs can be achieved by either 
increasing cell voltage or cell current. In principle, the cell voltage (Ecell) of direct 
electron transfer based biofuel cell has an upper limit, which is the difference between 
the formal redox potential of substrates in the anode and cathode. When mediators are 
immobilized on the enzymatic electrodes, the thermodynamic potential of the biofuel 




In practice, the actual cell voltage of biofuel cells is lower than the 
thermodynamic potential, due to the presence of irreversible loss in potential (termed 
as over-potential) when the cell is operated. There are three main types of irreversible 
losses of potential, termed as activation loss, ohmic loss, and mass transport loss
38, 55
. 
The activation loss results from the low kinetics of electron transfer from the enzyme 
or mediator to the electrode, whereas the ohmic loss arises from the resistance of 
charge transport through different components in the cell, including contact, ionic, 
and electronic resistances. Mass transport losses are due to diffusion limitations from 
the bulk solution to the electrode surface at high current, which can be reduced by 
mixing the solution well to increase the mass flux of substrate. Taking all these 
factors into account, the cell voltage of a biofuel cell can be expressed as follows in 
equation 10: 
overanodecathodecell EEEE                                                 
Therefore in order to obtain an optimal cell voltage for a biofuel cell, it is desirable to 
maximize the potential difference between the cathode and anode, while minimizing 





example, the redox potential of the redox enzyme applied in the anode and cathode 
and the corresponding chemical reactions are shown in Table 1.2.  
Table 1.2 The redox potential of redox enzyme applied in biofuel cell and the 
corresponding chemical reactions 
Electrodes Redox enzyme (active sites) Redox potential vs. SCE 
Anode 
Glucose oxidase (FAD) -0.36V 
Glucose dehydrogenase (PQQ) -0.16 V 
Glucose dehydrogenase (NADH) -0.57 V 
Cathode 
Bilirubin oxidase T-1 Cu(II)/Cu(I) 0.48 V 
Laccase T-1 Cu(II)/Cu(I) 0.539 V 
Anode reaction 
  eHtonegluconolaceGlu 22cos









                                       E
Ө
=+0.82V  
Several strategies have been developed to increase the cell potential of biofuel 
cells, such as preparing direct electron transfer based enzymatic electrodes, choosing 
proper redox enzymes and redox polymers, changing the geometry of the cell, etc. 
Frederic Briere et al
56
 compared the performance of laccase electrodes mediated by 
different redox polymers including an osmium based redox polymer with a standard 
potential of 0.4V and a ruthenium based redox polymer with a potential of 0.63 V. 
Their results indicated that the osmium polymer showed a promise for use in a 
compartment-less biofuel cell. In contrast, negligible current was observed with the 
ruthenium polymer, as its high redox potential is too high (0.585V vs Ag/AgCl) to 
allow laccase to oxidize them appreciably. Therefore, they suggested that a 
compromise might need to be made between the choice of mediator with a high redox 
potential to achieve a large cell potential, and a mediator possessing a low redox 
potential to ensure a high catalytic current. 
16 
 
Another important factor affecting the power density output of biofuel cells is 
the current density, which is dependent upon by the electron transfer rate between the 
active sites of the enzyme and electrode surface. In addition, the current density is 
also related to the degree of oxidation completion of the substrate. How to achieve 
efficient electron communication between enzyme and electrode surface is still a 
critical issue in developing an enzymatic biofuel cell with high power density output. 
Several strategies have been developed to increase the current density output of 





 to completely oxidase the substrates
13, 59
, or incorporating 
nanotubes into the system
60
. Each strategy will be discussed in the following content. 
Redox mediator to enhance electron transfer  
Introducing a redox mediator has proven to be an effective and easy method to 
shuttle electrons from the active sites of an enzyme to the electrodes, regardless of the 
orientation of the enzyme active sites relative to the electrodes. Numerous effective 
mediators have been developed, including diffusion and non-diffusion mediators. The 
choice of mediator type is dependent on the specific design parameters and potential 
application of the biofuel cell. In order to a construct a single compartment biofuel, 
immobilization of enzyme and redox mediators onto electrode surfaces are normally 
necessary. If high current and power output are the only requirement, high 
concentration of dissolved mediator in separate compartments can be effective.  
Diffusion mediators are dissolved in solution, where they can accept electrons 
from the enzyme and diffuse to the electrode surface and subsequently become 









, etc. To 
be applied to enzymatic biofuel cells, the introduction of diffusion mediators into the 
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anode and cathode may require the assembly of a membrane to separate these two 
compartments to inhibit the cross-talk reaction and electrical short in electron transfer 
routes. Meanwhile, the potential danger of this diffusion mediator escaping into body 
fluid and its toxicity might limit the application in implantable biosensors and biofuel 
cells. 
Progress in non-diffusional mediated enzymatic electrodes was pioneered by 
Adam Heller, when his group achieved MET between an enzyme active site and an 
electrode surface by co-immobilizing an enzyme within a crosslinked redox polymer 
film
64, 65
. Redox polymers contain redox active species covalently or electro-statically 
bound to an electrochemically inactive polymer backbone.  Long and flexible tethers 
allow the redox centers to sweep large volume elements, providing a high electron 
transfer coefficient
66
. When crosslinked with enzymes onto electrodes, the redox 
polymer penetrates and binds enzymes through multiple lysine amines to form a three 
dimensional network that attaches to the electrode surface. The crosslinked hydrogel 
swells in aqueous solution and permits the diffusion of substrate and ions through the 
film, while eliminating the leaching of mediator molecules into the buffer solution. 
The three dimensional structure of the swelling redox polymer allows the increase in 
the number of enzymes that are electrochemically accessible to the electrode surface 
due to the large volume it might sweep out. The presence of these redox species 
results in an electron transport mechanism commonly called “electron hopping”, in 
which the outer sphere electrons from reduced redox species are self-exchanged to 
neighboring oxidized redox species when the two redox centers collide with each 
other, and then to the electrode surface.  
Different types of redox mediators have been developed and applied to 







, 2,2-azinobis, 3-ethylbenzothiazoline-6- sulfonate 
(ABTS)
70
, and ruthenium based redox polymers
71
. Taking the osmium based redox 
polymer as an example, Adam Heller et al prepared it by covalently attaching an 
osmium complex onto a poly(vinylpyridine) or poly(vinylimidazole) polymer back 
bone
72
. Their results suggested that these osmium based redox polymers can 
effectively mediate electron transfer from the FAD active sites of glucose oxidase to 
the electrode surface with a limiting current density up to 800 uA/cm
2
. The electro- 
transfer steps in the electrooxidation of glucose on an osmium based redox polymer 
wired glucose oxidase electrodes is shown in Figure 1.5.  
 
Figure 1.5 Electron-transfer steps in the elctrooxidation of glucose on a wired glucose 
oxidase electrodes suggested by Adam Heller et al (from ref 71). 
 
Recently, the Schmidtke/Glathofer group has prepared a ferrocene redox 
polymer by coupling ferrocenecarboxaldehyde to both linear and branched 
poly(ethylenimine) (PEI) polymer backbones
73
. Initial results suggested that these 
polymers (Fc-C1-LPEI) were able to electrically communicate with the FAD redox 
center of glucose oxidase, with limiting current density up to 1 mA/cm
2
. Paul 
Kavanagh et al 
74
compared the performance of osmium based redox polymers with 












 (Polymer II). Their results showed that 
polymer I with a redox potential of 0.22 V exhibited much higher current density than 
polymer II with a potential of 0.35 V. The redox potential of polymer II is more 
positive than that of T1 site of laccase at pH of 7 (0.26 V), resulting in a 
thermodynamically unfavorable uphill electron transfer reaction. Therefore, the 
choice of redox mediator is critical in establishing effective electron wiring between 
the active sites of the enzyme and electrode surface and determining the current 
density output of enzymatic electrodes. An ideal mediator would induce a small 
overpotential, while being capable of transferring electrons at a rate that was 
approximately equal to, or greater than, the turnover rate of the enzyme used. 
Using enzyme cascade 
Applying multi-enzyme cascades to completely oxidize a fuel source is 
actively being pursued by many researchers to construct an enzymatic biofuel cell 
with high power density outputs. The first example was proposed by Palmore et el for 
the complete oxidation of methanol to carbon dioxide and water, using 3 enzymes 
including alcohol dehydrogenase, aldehyde-, and formate-dehydrogenases
75
. Daria et 
al mimicked the citric acid cycle at the carbon surface electrode using six enzymes to 
completely oxidize ethanol to CO2, resulting in an 8.71 fold increase in the power 
density output and 9.55 fold increase in the current density output compared to single 
enzyme system
59
. Several enzyme cascades have been studied in biofuel cells to 




, and glycerol. In the majority of 
work involving glucose/O2 biofuel cells, glucose oxidase and glucose dehydrogenases 
are the two common anodic enzymes to partially oxidize glucose to gluconolactone, 
generating 2 electrons. However, there is only 1/ 12
th
 of the 24 electrons that can be 
extracted from glucose with complete oxidation. Therefore, the question of how to 
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achieve complete oxidation of glucose to extract more electrons is of considerable 
interest in the construction of glucose/O2 biofuel cells with high power density output. 
Normally, in a living system, two main pathways are responsible for the oxidation of 
glucose: glycolysis and the Kreb’s cycle, both of which require multi-step oxidation 
and various enzymes for inducing chemical reactions. Glycolysis is an enzymatic 
pathway for breaking glucose to pyruvate, which can then be further oxidized to CO2 
in the Kreb’s cycle. During these natural processes, 19 enzymes are utilized to realize 
the complete oxidization of glucose to CO2, while only 6 of these enzymes are 
oxidoreductase enzymes capable of generating electrical energy. The other enzymes 
are essential for metabolism, but do not produce electrical energy.  The high 
proportion of non-energy producing enzymes in the metabolic process would decrease 
the power density produced per unit area of electrodes. Meanwhile, the 
oxidoreductases in the metabolic pathways are NAD and FAD dependent, which 
require mediators in the enzyme cascade. Moreover, the turnover rate and enzymatic 
activities of each enzyme in the cascade is different. Therefore, it is challenging to 
balance the reaction rates of each enzymatic reaction to make sure the enzyme 
cascade reaction goes smoothly.  Shuai Xu et al developed a six-enzyme cascade 
containing PQQ dependent enzymes from Gluconobater, aldolase from Sulfolobus 
solfataricus, and oxalate oxidase from barley to completely oxidize glucose to carbon 
dioxide through a synthetic minimal metabolic pathway
78
. Coupled with an air-
breathing cathode, this glucose enzymatic bio-anode produced a maximum power 
density of 6.74±1.43 µW/cm
2
.The schematic of the six enzyme oxidation pathway of 




Figure 1.6 Schematic of the six enzyme oxidation pathway of glucose proposed by 
Shuai Xu et al (from ref 77). 
 
Nanomaterials to enhance electron transfer 
Due to their unique structure, high surface area, and excellent electronic 
properties, nanomaterials have attracted enormous interest in constructing enzymatic 
electrodes for their applications in biosensors and biofuel cells. The incorporation of 
carbon nanotubes has proved to be an effective and easy way to enhance the electron 
communication between the active sites of enzyme and electrode surface. However, 
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how to maximally explore and take advantage of their superior properties still attracts 
much attention from researchers. Until now, several nanotube based structures have 




, vertically aligned nanotube 
electrode arrays
83, 84
, and enzyme-SWNTs composite electrodes
85, 86
.  
Preparing nanotube mat or paper for immobilizing enzymes is a common way 
to provide a high surface area and conductive support for enzyme immobilization.  
There are some obstacles to prepare robust nanotube mat or paper modified electrodes, 
such as the insolubility of pristine carbon nanotubes in normal aqueous solutions and 
nanotube aggregation due to strong van der Waals interactions between tube walls. 
Many efforts have been made to find ways to solubilize SWNTs in aqueous or organic 
solutions, such as covalent modification with hydrophilic functionalities or non-
covalent modification. Once the stable dispersion of nanotube solution is prepared, an 
entangled mat or paper of nanotubes is formed by either casting nanotube solution 
onto an electrode surface or filtering under vacuum or pressure through a microporous 
membrane. L.Hussein et al 
82
fabricated multiwall carbon nanotubes (MWNCTs) in 
the form of buckypaper and used it as electrode substrate for laccase-catalyzed 
cathode. They observed efficient direct interaction between laccase and buckypaper, 
with a high open circuit potential of 0.882 V vs. normal hydrogen electrodes (NHE), 
and high oxygen reduction performance with current densities 422±71 uA/cm
2
 at a 
cathode potential of 0.744 V. San Hua Lim et al 
87
prepared a glucose biosensor by 
electrodepositing palladium nanoparticles and glucose oxidase enzymes onto a 
nafion-solubilized carbon nanotube film modified glassy carbon electrodes. These 
electrodes allow for fast and sensitive glucose quantification, with a detection limit of 
0.15 mM and exhibited good enzymatic stability. Maogen Zhang et al 
88
prepared a 
glucose sensor by immobilizing glucose dehydrogenase in a carbon nanotube-chitosan 
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(CHIT) thin film using glutaric dialdehyde, achieving a low detection limit of 3 µM 
glucose.   
Another popular nanotube structure for immobilizing enzymes is a vertically 
aligned nanotube forest.  Short nanotubes were aligned normal to the electrode 
surface by either direct growth of CNTs onto an electrode or by self-assembly. The 
vertically aligned nanotube array provides the matrix for immobilizing biological 
molecules such as enzymes and DNA to construct a nano-electrode by either 
adsorption or covalent bonding. J.Justin Gooding et al described the preparation of a 
single wall carbon nanotube forest, where microperoxidase MP-11 redox enzyme was 
attached onto the free end of a tube by incubation
21
. The self-assembled monolayer 
structure of nanotube was formed on gold electrode surface via spontaneous reaction 
between the thiol group on the open ends of nanotube and cysteamine on gold surface. 
Their results indicated that the aligned SWNTs can act as molecular wires to allow 
electrical communication between the underlying electrode and the redox proteins 
covalently attached to the ends of the nanotube. However, one concern in constructing 
this self-assembled nanotube array is that the presence of an insulating cysteamine 
layer where the highly conductive nanotube array is positioned in series may impede 
electron transfer. Therefore, another strategy was proposed: to directly grow 
nanotubes on a metal substrate. Sofia Sotiropoulou et al prepared an aligned multi-
wall carbon nanotube forest on a platinum substrate by a chemical vapor deposition 
(CVD) method, followed with acid or air oxidation to open and functionalize the 
nanotubes for the efficient immobilization of glucose oxidase 
20
. Their results 
suggested that chemical etching by acid is more efficient in opening carbon nanotubes 
and allowing the entrance of enzyme into the inner channel. The high population 
density of carboxylic acid groups can be created via the chemical etching from an 
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overall electrophilic tip surface that minimizes hydrophobic adsorption of the protein. 
The sensor electrodes prepared by chemical etching showed a sensitivity of 93.9 
µA/mm with a detection limit of 0.19 mM. G.D.Withey et al prepared a vertically 
aligned MWNTs array from a hexagonally patterned array of nanowires in an 
anodized aluminum oxide template, then covalently linked glucose oxidase enzyme 
onto the tips or side wall of the nanotube array (via an amine group to the carboxylic 
acid groups at the nanotube end created by acid chemical oxidation) 
89
. The prepared 
sensor electrodes exhibited an enhanced electron transfer rate of 1500 s
-1
. 
Nanomaterials such as gold, Pt, and copper oxide nanoparticles were integrated into 
the nanotube array to further increase the sensitivity and selectivity of the enzymatic 
electrodes. Yi-Ge Zhou et al prepared non enzymatic glucose electrodes by 
incorporating gold nanoparticles into the carbon nanotube array, which showed good 
catalytic activity toward glucose with a detection limit of 10 µM and no interference 
toward the presence of ascorbic acid in solution
90
.  
Preparing enzyme- SWNTs composite electrodes is another attractive way to 
enhance the electron communication between enzyme and electrode surface. Similar 
to conventional carbon paste composite electrodes, SWNTs-enzyme composite or 
paste electrodes were prepared by mixing SWNTs and enzyme with a binder. Various 
binder materials have been applied to construct enzyme- SWNTs paste composite 
electrodes, such as mineral oil, polypyrrole, Teflon, and chitosan. The composite 
electrodes were prepared by either firm packing into the electrode cavity or by 
solution casting on top of the electrode. Composite electrodes combine the ability of 
carbon nanotubes to promote an electron-transfer reaction with the attractive 
advantages of composite materials, and have been applied to construct a wide range of 
enzyme based electrodes. Mara D.Rubianes et al reported the preparation of a series 
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of enzymatic carbon paste electrodes, including lactate, phenols, catechols, and 
alcohol sensor electrodes by dispersion of a redox polymer in multiwall carbon 
nanotube and mineral oil composite matrix 
91
. Their electrodes showed strong electro-
catalytic activity towards substrates, as well as high sensitivity.  
PROJECT BACKGROUND  
Preparing SWNTs-enzyme-redox polymer composite electrodes emerged as a 
promising strategy for the development of enzymatic electrodes with high current 
density output. Previous studies by Pratixa P. Joshi et al
28
demonstrated the 
construction of amperometric biosensors based on incorporation of single wall carbon 
nanotubes modified with enzyme into redox polymer hydrogel film. The nanotube 
incorporated  hydrogel electrodes were prepared by first incubating an enzyme in a 
SWNTs solution for 18 hours, prior to mixing with a 
poly[(vinylpyridine)Os(biyrdyl)2Cl
2+/3+
] polymer and poly(ethylene glycol)diglycidyl 
ether (PEGDGE) crosslinker, as shown in Figure 1.7. The results showed that the 
incorporation of SWNTs, modified with glucose oxidase by incubation method, 
resulted in a 2-10 fold increase in the oxidation and reduction peak currents, and a 3-




Figure 1.7 Schematic of construction of SWNTs incorporated redox hydrogel sensor, 
in which SWNTs were incubated with an enzyme solution, before incorporated into 






Figure 1.8 Effect of SWNTs incorporation method on electrochemical and enzymatic 
response of electrodes. (A) Representative CVs of glassy carbon electrodes (GCE) 
coated with redox polymer (Fc-C6-LPEI) and enzyme (GOX) alone (control), a GCE 
coated with a composite of Fc-C6-LPEI-GOX-SWNT made by the mixing method (22 
wt% SWNT), and a GCE coated with a composite of Fc-C6-LPEI-GOX-SWNT made 
by the incubation method (22 wt % SWNT) (scan rate = 50 mV/s, T = 25 
o
C). (D) 
Glucose calibration curves for the three types of sensors described in (A) (T = 25 
o
C, 
E = 0.5 V vs SCE) (from ref 28). 
 
Later, Tu O.Tran et al
27
 developed a simple mixing method to incorporate 
SWNTs into redox polymer hydrogel film by directly mixing SWNTs into polymer 
solution followed by the addition of the enzyme and cross-linker. A comparison in the 
electrochemical and enzymatic performance of electrodes prepared by mixing method 
and incubation method was made. As shown in Figure 1.8, the incorporation of 
SWNTs by both methods resulted in significant increase in the electrochemical and 
enzymatic performance of redox hydrogel film. Electrodes prepared by both methods 
exhibited similar enzymatic results. However, the mixing procedure took much less 
time than the incubation method, reducing the preparation time from 18 hours in 
incubation method to 1 hour. The incorporation of SWNTs into cross-linked films of 
glucose oxidase (GOX) and a ferrocene redox polymer (Fc-C6-LPEI) hydrogel films 
by mixing method resulted in a 4-5 fold increase in the oxidation and reduction peak 
currents during cyclic voltammetry. The glucose electro-oxidation current increased 5 
-fold with a maximum current density of 3000 µA/cm
2
. Moreover, the enzymatic 
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stability of glucose electrodes with the incorporation of SWNTs increased. A 
proposed electron transfer mechanism is illustrated in Figure 1.9. The presence of 
SWNTs in the thick redox polymer and enzyme hydrogel film accelerates electron 
transfer between the hydrogel film and electrode surface, by either increasing self-
exchange between the active sites of redox polymer, or by making more ferrocene 
redox centers electrochemically accessible through the interconnected nanotube 
network.  
 
Figure 1.9 Electron transfer mechanism for enzymatic electrodes without (left) and 
with SWNTs (right). For electrodes without nanotubes, electrons are transferred from 
the enzyme’s FAD enter through the film by self-exchange between neighboring 
reduced and oxidized redox centers. In an electrode with nanotube, electrons can be 
transferred not only by self-exchange between the active sites of polymer, but also 
directly to the electrode surface through an interconnected SWNTs network (blue line) 
(from ref 27). 
OVERVIEW 
The purpose of this work was to develop nanostructured enzymatic biofuel 
cells with the incorporation of nanotubes. The remainder of this dissertation 
documents the studies completed to investigate the effect of incorporated nanotube 
networks, nanotube incorporation methods, nanotube types, and the redox hydrogel 
solution loading on the electrochemical and enzymatic performance of enzymatic 
electrodes. In addition, the influence of incorporated nanotubes on the performance of 
enzymatic biofuel cells, including their power density output, current density output, 
and stability, is also presented.  Each chapter begins with an introduction that 
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provides the motivation and purpose of the corresponding study along with 
background information corresponding to relevant literature. 
 Chapter 2 focuses on investigating whether providing a high surface single 
wall carbon nanotube would improve the electrochemical and enzymatic performance 
of redox polymer mediated glucose oxidase electrodes. Different surfactants were 
chosen to prepare a well dispersed nanotube solution, which was used to modify the 
surface of glassy carbon electrode by solution casing method. The effect of surfactant 
type, redox polymer type, and nanotube loading on the performance of electrodes was 
evaluated. The results presented in Chapter 2 demonstrate that surfactant applied to 
disperse carbon nanotubes and nanotube loading were important factors affecting the 
performance of nanotube incorporated enzymatic electrodes.  
 Chapter 3 discusses whether the Fc-C6-LPEI redox polymer can efficiently 
wire the redox centers of fructose dehydrogenase (FDH). Using a widely distributed 
monosaccharide (fructose) as substrate, FDH electrodes allows for the construction of 
fructose/ O2 biofuel cells, due to its good oxygen tolerance and similar optimal pH to 
that of laccase (pH 4-5). In addition, we tested the hypothesis that the aforementioned 
high surface area SWNT network would increase the electrochemical and enzymatic 
performance of FDH and laccase based electrodes, as well as the feasibility of using 
Fc-C6-LPEI/FDH electrodes as bioanodes in enzymatic biofuel cells.  
 Chapter 4 evaluates the effect of single wall carbon nanotube types, nanotube 
loading, and redox polymer/enzyme hydrogel solution loading on the electrochemical 
and enzymatic performance of electrodes.  Since the aforementioned nanostructured 
enzymatic electrodes were constructed based on (6,5) SWNTs network, we test the 
hypothesis that the modification of glassy carbon electrodes with a different SWNTs 
type (7,6), which has a higher electrical conductivity, would further improve the 
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electrochemical and enzymatic performance of electrode. We also demonstrated that 
carbon nanotube loading and redox polymer/enzyme hydrogel solution loading are 
important factors affecting the performance output of electrodes and biofuel cells.   
            Chapter 5 covers the effect of SWNTs incorporation methods on the 
electrochemical and enzymatic performance of electrodes and on the performance of 
biofuel cell output. Meanwhile, we investigated whether the incorporation of single 
wall carbon nanotubes can be applicable to construct other enzyme based electrodes 
and biofuel cells with improved performance. This chapter answers our questions 
about the effect of incorporating SWNTs on the performance of nanostructured 
enzymatic biofuel cells, including power density, current density, and stability.             
Chapter 6 discusses the feasibility of constructing redox polymer/enzyme 
hydrogel electrodes using a high surface MWCNT forest prepared by chemical vapor 
deposition. The effect of burning to remove oil residue and surfactant treatment to 
change the surface property from hydrophobic to hydrophilic on the electrochemical 
and enzymatic performance of electrodes are investigated in this chapter. 
 Chapter 7 includes a summary of the major conclusions of this work.  In 


















Effect of Surfactant Type, Redox Polymer Type and Nanotube 
Loading on Single-Walled Carbon Nanotube Modified Electrodes 
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INTRODUCTION 
The development of carbon nanotube based structures for biomedical 
applications has attracted significant interest in recent years due their unique 
electrical, mechanical, and optical properties. Some of the more popular nanotube 











. The properties of these structures is dependent on the type 
of carbon nanotubes used (e.g. single-walled vs. multi-walled
101, 102










, and nanotube length
111, 112
.  
A major challenge in developing nanotube-based biosensors is to integrate the 
nanotubes into the design in such a way that maximally exploits their exceptional 
properties.  Normally as-produced carbon nanotubes are agglomerated into bundles 
due to strong van der Waals interactions between the tube walls. In addition pristine 
carbon nanotubes are relatively insoluble in the normal aqueous solutions that are 
compatible with most biological recognition molecules (e.g. enzymes, antibodies, 
DNA) used in biosensor construction. To take full advantage of the unique properties 
of SWNTs typically requires that the nanotubes be isolated rather than in bundles. 
Thus various methods of dispersing nanotubes via covalent and noncovalent 
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modification have been employed
113, 114, 115, 116, 117
. In the category of noncovalent 
modification, the use of surfactants
114, 118
  such as sodium cholate, sodium dodecyl 
sulfate (SDS), and sodium dodecylbenzene sulfonate (NaDDBS) are commonly 
employed.  
Once stable dispersions of carbon nanotubes are produced, two common 
approaches to incorporate them into biosensing platforms is the formation of carbon 




 or simple solution casting of the 
carbon nanotubes onto an electrode surface
121,122, 123
. The main difference between 
these methods is that in bucky paper formation the solution is filtered under vacuum 
or pressure through a microporous membrane. In either method, an entangled mat of 
nanotubes is formed, providing a conductive, high surface area support for 
biomolecule immobilization. 
Previously, we have reported that the incorporation of SWNTs into redox 
polymer/enzyme hydrogel film dramatically increased both the electrochemical and 
enzymatic response of sensors. The incorporation of SWNTs into cross-linked films 
of glucose oxidase (GOX) and a ferrocene redox polymer based on linear 
polyethylenimine (Fc-C6-LPEI) film resulted in a 4-5 fold increase in the oxidation 
and reduction peak currents during cyclic voltammetry, while the glucose electro-
oxidation current was increased 5 folds
124
. Similar effects were also observed when 
SWNTs were integrated into films of GOX and an osmium based redox polymer, 
poly[(vinylpyridine)Os(bipyridyl)2Cl
2+/3+
] (PVP-Os), which showed 3-fold increase in 
the glucose response
125
. In this chapter, we investigate whether providing a high 
surface area network of signal wall nanotubes would increase the electrochemical and 
enzymatic performance of sensor. We demonstrate that the choice of surfactants used 
to disperse SWNTs in aqueous solution is a significant factor that affects the 
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electrochemical and enzymatic performance of crosslinked redox polymer-enzyme 
films deposited onto SWNTs films. We also investigate the influence of redox 
polymer type and nanotube loading on the sensor performance with the different 
SWNTs networks. To the best of our knowledge, this is the first paper discussing the 
influence of different surfactants dispersed SWNTs films on the electrochemical and 
enzymatic response of redox polymer/GOX based sensor. 
EXPERIMENTAL SECTION 
Chemicals and solutions  
Glucose oxidase (GOX) from Aspergillus niger (EC 1.1.3.4, type X-S, 179 
units/mg solid,75% protein), sodium cholate and Tween 20 were purchased from 
Sigma Aldrich. Triton X-100 was purchased from EM Science. NaDDBS (sodium 
dodecylbenzenesulfonate) was purchased from TCI America. Poly(ethylene glycol) 
diglycidyl ether 400 (PEGDGE) and ethylene glycol diglycidyl ether (EGDGE) were 
purchased from Polysciences, Warrington, PA. Purified CoMoCAT single-wall 
carbon nanotube (batch WW2) was provided by South West Nanotechnologies. All 
nanotubes, chemicals and solvents were used as received without further purification. 
Phosphate-buffered saline solution (PBS) pH 7.4, was prepared in nanopure deionized 
water as previously described
125
. Stock solutions of glucose (2M) were prepared in 







 were prepared as previously described.  
SWNTs were dispersed by adding 2 mg SWNTs into 5 ml aqueous solution 
with different surfactants: Triton X-100 (TX), Tween 20 (TW), sodium cholate (SC) 
and sodium dodecylbenzenesulfonate (NaDDBS) in 7 mL vials (Figure 2.1). The 
corresponding concentration of TX, TW, SC and NaDDBS surfactants in the aqueous 
solutions were 10, 5, 20 and 5 g/L, respectively. SWNTs aqueous solutions were 
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ultrasonicated for 1 hour with a horn sonic dismembrator (Model 500, Fisher 
Scientific) operating at 22% output. 
Figure 2.1 Chemical structure of the surfactants used to disperse single-walled carbon 
nanotubes in this study. 
 
UV-vis Spectrophotometry  
To assess the ability of the different surfactants to disperse the SWNTs, 
absorption spectra of the different SWNTs solutions were taken with a UV-Vis 
spectrophotometer (CARY-50, Varian) and a specialized adjustable quartz cuvette set 
with a 0.38-mm light path. All suspension solutions were at a concentration of 0.4 










Enzyme Sensor Construction 
 
Figure 2.2 Schematic of the construction of redox polymer/enzyme biosensors 
incorporated with SWNTs film 
 
Glassy carbon electrodes with a 3 mm diameter were polished successively on 
three grades of alumina (5, 1, and 0.3 μm), and washed thoroughly with nanopure 
water after each polishing step. The PVP-Os solution (10 mg/mL) was prepared by 
dissolving PVP-Os polymer in water, while solutions of Fc-C3-LPEI and Fc-C6-LPEI 
were prepared by dissolving them in water and adding 0.1 M HCl solution until the 
final concentration of the polymer solution was 10 mg/mL and pH was 5
127
.  
Glucose electrodes were prepared by the two-step procedure shown in Figure 
2.2. First, 10 l of a SWNTs dispersion in water, TX, TW, SC and NS solutions (0.4 
mg/mL) was cast on top of a polished glassy carbon electrode and allowed to dry 
overnight at room temperature to form a SWNTs film on top of GCE. The nanotube 
loading on GCEs was 4 µg. Second, redox hydrogels were made from solutions of 
polymer [PVP-Os, Fc-C3-LPEI, Fc-C6-LPEI] (10 mg/mL in water), GOX, and a fresh 
crosslinker solution. Hydrogels made with PVP-Os were made by combining 
solutions of PVP-Os (10 mg/mL in water), GOX (13.9 mg/mL in H2O), and freshly 
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dissolved PEGDGE (2.5 mg/mL in water) mixed in a 59:36:5 vol % ratio. Similarly, 
hydrogels made with Fc-C3-LPEI, and Fc-C6-LPEI consisting of 14 L of polymer 
solution (10 mg/mL), 6 L of GOX solution (10 mg/mL), and 0.75 L of EGDGE 
solution (10% v/v) were mixed together. Next, a 3.3 μl aliquot of the respective redox 
polymer/enzyme/crosslinker mixture was then deposited on top of a SWNTs coated 
glassy carbon electrodes and allowed to dry for at least 12 h.  
Electrochemical Measurements 
Electrochemical characterization (i.e. cyclic voltammetry and constant 
potential experiments) was performed in a three-electrode cell configuration (counter 
electrode = platinum wire, reference electrode = saturated calomel electrode, SCE) 
with a CH Instruments model 832 bipotentiostat. The background electrolyte was 
phosphate buffered saline (PBS), pH 7.4, and the temperature was maintained at 
25±1°C with a water-jacketed electrochemical cell. The response to glucose was 
measured by adding aliquots of a stock 2 M glucose solution to a well-stirred cell with 
the working electrode poised at 500 mV vs. SCE.  
Characterization of SWNTs Films  
To characterize the structure of the SWNTs films formed with the various 
surfactant suspensions, 2 mm diameter glassy carbon rods were attached to a custom-
built tripod polisher with mounting wax (MWS 052, South Bay Tech.) and polished 
as described above. Aliquots (2 l) of the SWNTs suspensions were cast on top of a 
polished glassy carbon and allowed to dry overnight at room temperature to form 
SWNTs films. Differential interference contract (DIC) images of the SWNTs films 
were acquired with a Nikon Optiphot-66 microscope with a 10x objective and a 
Nikon DS-Fi1 digital camera (1280 x 960 pixels). Scanning electron microscope 
images were taken with a Zeiss Neon 40 EsB cross-beam microscope (FE-SEM with 
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Gemini lens design and focused ion beam (FIB)).  The images were taken at low 
accelerating voltage to reduce beam charging, with an in-lens secondary electron 
detector. 
Calculation and Statistics 
Current densities were calculated using the geometric surface area of a 3-mm-
diameter electrode. Values are presented as mean ± standard error of the mean (SEM) 
unless otherwise specified. 
RESULTS AND DICCUSION 
SWNTs Dispersion Properties 
To initially evaluate the stability of SWNTs dispersions prepared in pure water 
or in different aqueous surfactant solutions (SC, TX, TW and NaDDBS) qualitatively, 
optical images of the SWNTs dispersions were acquired on day 0 and day 7 (Figure 
2.3). Suspensions of SWNTs in aqueous surfactant solutions (SC, TX, TW and 
NaDDBS) showed a homogenous black colored solution with no signs of aggregation 
after 7 days. In contrast, the SWNTs suspended in water showed aggregation on day 0 
and after 7 days most of the SWNTs settled to the bottom of vial, indicating that the 
SWNTs/water suspension was unstable.  
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Figure 2.3 Optical images of SWNTs in different aqueous solutions on day 0 and 7. 
 
To assess the quality of the SWNTs suspensions with the different surfactants, 
we performed UV-Vis spectroscopy. It is known that solutions of well-dispersed 
single-walled carbon nanotubes display distinct adsorption peaks, and as nanotubes 
are exfoliated into individual tubes they exhibit better resolved spectral features. As 
shown in Figure 2.4, all of the SWNTs suspensions containing surfactants exhibited 
spectra that contained sharp peaks in the visible and infrared regions that are a 
signature of well-dispersed SWNTs
128, 129
. The strong absorption bands at 980 nm and 
570 nm are characteristic of CoMoCAT SWNT samples and are ascribed to the S11 
and S22 transitions of (6,5) nanotubes
129
. In contrast, the suspension of SWNTs in 
water was essentially featureless with no well-defined peaks, which is indicative of 
SWNTs bundling. To quantify the quality of the suspension we measured the 
resonance ratio as described by Tan et al
128
.  The resonance ratio is defined as the 
quotient of the resonant band area and its nonresonant background and is related to 
the fraction of individual nanotubes in the suspension. Table 2.1 shows the resonance 
ratios measured at the S22 transition (i.e. 570 nm) for the various SWNTs suspensions 
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ranged from 0.3 for sodium cholate to 0.14 for Tween 20.  These values compare 
quite well with resonance ratios values measured previously
128, 130
, and suggest a high 
fraction of individual SWNTs. 
 
Figure 2.4 UV-VIS spectra of SWNTs solutions dispersed by different surfactants 
(TX, TW, SC and NaDDBS). The concentration of SWNTs solutions were 0.4 mg/ml. 
 
Table 2.1 Resonance Ratio for the Various Surfactant Suspensions 
Solution Resonance Ratio 
SWNTs in H2O 0 
SWNTs in TX 0.16 
SWNTs in TW 0.14 
SWNTs in SC 0.30 
SWNTs in NaDBBS 0.21 
 
Electrochemical Response is Surfactant and Redox Polymer Dependent 
Cyclic voltammetry (CV) was performed to investigate how modifying the 
surface of a glassy carbon electrode with SWNTs via different SWNT-surfactant 
dispersions would affect the electrochemical response of crosslinked redox 
polymer/enzyme hydrogels. Figure 2.5A shows the CVs of bare GCE and SWNT-
modified GCEs coated with a PVP-Os/GOx film in PBS. For GCE modified with a 
PVP-Os/GOX hydrogel film in the absence of SWNTs, a pair of well-defined redox 
39 
 
peaks corresponding to the oxidation and reduction of the redox polymer’s Osmium 
complexes was observed at 353 and 274 mV versus SCE, respectively (△E=79 mV).  
Figure 2.5 Effect of redox polymer and surfactant type on the electrochemical 
behavior of SWNT composite films. Cyclic voltammograms of GCEs coated with 
SWNT films and hydrogels containing Glucose oxidase and three different redox 
polymers: (A) PVP-Os; (B) Fc-C3-LPEI; (c) Fc-C6-LPEI. SWNT films were formed 
by drop casting SWNT dispersions made from solutions of water, nonionic surfactants 
(i.e. Triton X-100, Tween 20) or anionic surfactants (i.e. NaDDBS, sodium cholate).  
Scan rate=50 mV/s in PBS at 25C 
 
As shown in Figure 2.5A, the effect of modifying GCEs with SWNTs on the 
electrochemical response was highly dependent on the dispersion surfactant. When 
GCEs were modified with dispersions of SWNTs in water, there was a significant 
increase in both the oxidation and reduction peak currents with a slight change in the 
oxidation redox potential. Likewise modification of GCEs with SWNT dispersions in 
Triton X-100 or Tween 20 resulted in an increase in the background current and a ~2- 
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fold increase in the oxidation and reduction peak currents. In contrast, modification of 
the GCEs with SWNTs dispersed in NaDDBS resulted in a ~50% decrease in the 
oxidation and reduction currents and a surprising shift in the oxidation and reduction 
peak potentials by about 100 mV. In a similar manner, modification of GCEs with 
dispersions of SWNT in sodium cholate also decreased the peak currents (~70%), 
however the oxidation and reduction peak potentials did not significantly shift. The 
exact cause of why two of the surfactant-SWNT dispersions (Triton X-100 and 
Tween-20) increased the electrochemical response why the other two (sodium cholate 
and NaDDBS) caused a reduction in the response is not known. One potential 
explanation may be related to the fact that both Triton X-100 and Tween-20 are 
nonionic surfactants while both sodium cholate and NaDDBS are anionic surfactants. 
Thus the negative charge of the anionic surfactants may disrupt the normal 
electrostatic complexation that takes place between PVP-Os and GOX
131
.  
To investigate whether the type of redox polymer affects the electrochemical 
performance of GCE modified with SWNT-surfactant dispersions, we performed 
similar experiments to those with PVP-Os, but with two ferrocene based redox 
polymers (Fc-C3-LPEI and Fc-C6-LPEI) (Figure 2.5B and 2.5C). For GCE electrodes 
modified with SWNTs dispersions in water, Triton X-100 or Tween-20 and coated 
with Fc-C6-LPEI/GOX hydrogels, we observed 2.5-, 2.9- and 3.1-fold increase of 
peak current, compared with GCEs without SWNTs film (Fig. 2.5C). In addition the 
background currents were increased as well. Although the magnitude of the increases 
with Triton X-100 and Tween-20 and Fc-C6-LPEI based films was higher than with 
the PVP-Os polymer there were in the same direction.   
Similar to the results with PVP-Os, GCEs coated with sodium cholate-SWNT 
dispersions and Fc-C6-LPEI/GOX films resulted in a dramatic decrease in the 
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oxidation and reduction peak currents (Fig 2.5C). However, we surprisingly observed 
that GCEs coated with NaDDBS-SWNT dispersions and the Fc-C6-LPEI/GOX films 
led to a significant increase in the oxidation and reduction peak currents which were 
on the same order of magnitude as both Triton X-100 and Tween-20. This was in 
direct contrast to the results with PVP-Os and suggests that the proposed decreases in  
the PVP-Os case were not solely due to the anionic nature of the NaDDBS. 




Figure 2.5B shows the results with GCEs coated with SWNTs and Fc-C3-
LPEI/GOX films. In contrast to the results with PVP-Os or Fc-C6-LPEI, the highest 
response in terms of peak currents was observed with SWNTs dispersed in water. 
Surprisingly the response with GCEs coated with Triton X-100 showed minimal 
increase and the response with Tween-20 actually decreased. Similar to the results 
with PVP-Os and Fc-C6-LPEI, GCEs coated with sodium cholate led to dramatic 
decreases in the sensor response. Finally the response of GCEs coated with NaDDBS 
and Fc-C3-LPEI/GOX films (Fig. 2.5B) showed an increase in the response as well as 
a 100 mV shift in the redox potential similar to that of Fc-C6-LPEI. In contrast to the 
results with PVP-Os, there were considerable shifts in the peak-to-peak separation 
Solution △Ep (mV) 
PVP-OS/GOx Fc-C3-LPEI/GOx Fc-C6-LPEI/GOx 
no SWNTs 66±2 82±1 70±1 
SWNTs in H2O 77±4 94±6 82±2 
SWNTs in Triton X-100 68±5 147±3 121±3 
SWNTs in Tween 20 50±3 103±6 145±3 
SWNTs in sodium cholate 62±4 55±5 95±3 
SWNTs in NaDDBS 60±3 70±1 77±5 
a Scan rate = 50 mV/s, PBS (pH 7.4), T = 25 °C. 
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potentials when either the Fc-C3-LPEI or theFc-C6-LPEI films were coated onto the 
surfactant deposited SWNT films (Table 2.2). In particular Triton X-100 and Tween-
20 films increased ( ∆Ep) to greater than 100 mV, which is characteristic of sluggish 
electron transfer kinetics. 
Taking all the electrochemical results into consideration, the only consistent 
observations were that (i) dispersion of SWNTs in water led to a significant increase 
in the electrochemical response; and (ii) dispersions of SWNTs in sodium cholate led 
to dramatic decreases in the electrochemical response. Like NaDDBS, sodium cholate 
is an anionic surfactant and given the fact the NaDDBS increased the electrochemical 
response with both Fc-C6-LPEI and Fc-C3-LPEI, the decreased response with sodium 
cholate is probably not due to the negative charge. The observation that sodium 
cholate led to decreases in the electrochemical response with all three of the redox 
polymers appears to support our suggestion above that some of the observed 
differences in the electrochemical response are due to differences in the surface 
coverage of surfactant on the SWNTs. This issue will be discussed in further detail 
below. 
Enzymatic Response is Surfactant Dependent  
Constant potential (0.5 V vs. SCE) experiments were performed to investigate 
how modifying the surface of a glassy carbon electrode with SWNTs via different 
SWNT-surfactant dispersions would affect the enzymatic response of crosslinked 
redox polymer/enzyme hydrogels to glucose. Figure 2.6 shows the response to 
glucose of bare GCE and SWNT-modified GCEs coated with a PVP-Os/GOX, Fc-C6-
LPEI/GOX, and Fc-C3-LPEI/GOX films in PBS.  
As shown in Figure 2.6A, all GCEs coated with films of PVP-OS/GOX with 
and without SWNTs film showed Michaelis-Menten type behavior. Compared with 
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the glucose response of electrodes without SWNTs (1100 A/cm
2
), GCEs coated with 
Triton X-100/SWNT, Tween-20/SWNT, or water/SWNT dispersions resulted in a 
1.6-, 1.25-, or 1.1-fold increase in the limiting current density, reaching 1747, 1388, 
and 1200 A/cm
2
, respectively. In contrast, GCEs coated with sodium cholate/SWNT 
or NaDDBS/SWNT dispersions resulted in dramatic decreases of the glucose 
oxidation currents 200 A/cm
2
 and 10 A/cm
2
, respectively. It is interesting to note 
that this trend in glucose response of Triton X-100 and Tween-20 dispersed SWNTs 
giving enhanced responses while sodium cholate and NaDDBS dispersed SWNTs 















Figure 2.6 Glucose calibration curves for three different polymers (A) PVP-Os, (B) 
Fc-C6-LPEI, (C) Fc-C3-LPEI based electrodes incorporated with different SWNTs 





The response of GCEs coated with hydrogels of Fc-C6-LPEI/GOx with and 
without SWNTs films are shown in Figure 2.6B. Similar to the results of Figure 2.6A 
with the PVP-Os redox polymer, GCEs coated with Triton X-100/SWNT and Tween-
20/SWNT dispersions gave the highest responses. It should be noted however that the 
increase with Fc-C6-LPEI/GOX films was significantly greater (3.9- and 3.5-fold 
respectively). Likewise GCEs coated with Sodium cholate/SWNT or 
NaDDBS/SWNT dispersions resulted in dramatic decreases of the glucose oxidation 
current. Although the enzymatic responses of Triton X-100, Tween-20, and sodium 
cholate dispersed SWNTs were in agreement with the electrochemical results of 
Figure 2.5, the results with NaDDBS dispersed SWNTs were opposite (Figure 2.5). 
Finally, the response of GCEs coated with hydrogels of Fc-C3-LPEI/GOX 
with the different SWNTs films are shown in Figure 2.6C. Once again GCEs coated 
with Triton X-100/SWNT dispersions gave the highest response with a current 
response of 2200 A/cm
2
. GCEs coated with Tween-20/SWNT also gave an 
increased response, however the magnitude of this response was much smaller. GCEs 
coated with sodium cholate/SWNT or NaDDBS/SWNT dispersions resulted in 
decreases of the glucose oxidation current by 50 and 55% respectively.  
Taking into account the results with the three different redox polymers, it 
appears that the use of SWNT dispersions with non-ionic surfactants (e.g. Triton X-
100 and Tween-20) enhanced the enzymatic response, while SWNT dispersions with 
anionic surfactants (e.g. sodium cholate and NaDDBS) reduced the enzymatic 
response. At this time the causes of the enhancement and reduction are unknown. 
However given the fact that the formation of an electrostatic complex between redox 
polymer and enzyme is required for enhanced electrical communication
131
, one 
possible mechanism for the reduced response observed with sodium cholate and 
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NaDDBS is that the negative charge on the anionic surfactants may interfere with the 
normal redox polymer/enzyme complexation. Likewise, studies
132
 have suggested that 
ionic surfactants may denature proteins through hydrophobic, ionic, or hydrogen 
bonding interactions. Further experiments are underway to verify this hypothesis.  
SEM imaging of SWNT films 
 
Figure 2.7  Differential interference contrast (DIC) and SEM images of electrodes 
coated with SWNT solutions with: no surfactant, non-ionic Triton 100 and Tween 20 
surfactants, and ionic sodium cholate and NaDDBS surfactants. The DIC images 
show the whole 2 mm diameter glassy-carbon electrode and are montages of several 
images taken using a 10x objective. SEM images were taken with in an in-lens 
scanning electron detector.  Some images show charging bands (Triton 100, 
especially) due to charging under the electron beam. 
 
To investigate whether the changes in the electrochemical and enzymatic 
responses observed were related to the structure to the SWNT films deposited on the 
GCEs, we performed both differential interference contrast (DIC) and scanning 
electron microscopy (SEM). The DIC images (Figure 2.7) show the medium to 
coarse-scale (>10μ) nature of the SWNT solution coated glassy-carbon 
electrodes.  The solution with no surfactant shows poor wetting and the NaDDBS 
solution shows some phase separation (similar to viscous fingering
133
, while the 
Triton, Tween and sodium cholate films appear similarly homogeneous on this 
scale.  The SEM images show the fine-scale nature (<10μm) of the coatings.  The no 
surfactant coating shows poor uniformity, similarly both the NaDDBS and sodium 
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cholate surfactant solutions show inhomogeneity on this fine scale, whereas both the 
Triton 100 and the Tween 20 show good homogeneity below 1 μm. 
The observations that (i) the electrodes fabricated with SWNTs dispersed in 
pure water, that poorly wetted the electrode surface displayed increased 
electrochemical and enzymatic responses, and (ii) electrodes fabricated with SWNTs 
dispersed in sodium cholate solutions that uniformly wetted the electrode surface 
displayed decreased electrochemical and enzymatic responses; suggest that the 
uniformity of the SWNT film was not the primary cause for changes in the enzymatic 
and electrochemical performance observed with the various surfactants.  
Effect of SWNT films on Diffusional Mediators 
 
Figure 2.8 Electrochemical response of diffusional mediators on different SWNT 
films. Cyclic voltammograms of GCEs coated with different SWNT films in the 
presence of 1 mM K3[Fe(CN)6] (A, B), or 1 mM Ru(NH3)6Cl3 (C, D). Scan rate = 50 







































































































As discussed above, we hypothesize that some of the electrochemical results 
obtained with the redox polymer/enzyme hydrogels were related to the surfactant 
surface coverage of the SWNTs as well as to differences in the chemical structure of 
the surfactants. To further investigate this matter, we coated GCEs with the various 
dispersions of SWNTs as described previously (Figure 2.1, steps 1−3) but without 
applying the redox polymer/ enzyme mixture. Instead we placed these SWNT coated 
GCEs into aqueous solutions containing either a cationic diffusional mediator, 
ruthenium hexamine, [Ru(NH3)6]
3+
, or an anionic diffusional mediator, ferrocyanide 
([Fe(CN)6]
3−
). In theory, the presence of the anionic surfactants (sodium cholate, 
NaDBBS) should show a reduced response with ferrocyanide due to charge repulsion, 
and an enhanced response with ruthenium hexamine due to charge attraction. 
When GCEs coated with SWNT films made from water,Triton X-100, or 
Tween 20 were tested in solutions of ferrocyanide (Figure 2.8A) or ruthenium 
hexamine (Figure 2.8C),there was a significant increase in the oxidation and reduction 
currents as compared to GCEs with no SWNT coatings (Figures 2.8B, 2.8D). These 
results are similar to the electrochemical results with the three different redox 
polymers and provide additional evidence that the SWNT films made from these 
dispersions provide additional electrochemical surface area. 
Testing of NaDDBS films in ferrocyanide also showed an increase in the 
current response (Figure 2.8B), which was similar in magnitude to that of the Tween 
20 films (Figure 2.8A). When NaDDBS films were tested in ruthenium hexamine 
solutions (Figure 2.8D), the response was ∼2-fold higher than any other film, and 
both the oxidation and reduction peak potentials were significantly shifted. The fact 
that the NaDDBS response increased in the presence of the anionic mediator suggests 
that some of the SWNT surface was not covered by anionic surfactant and accessible 
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to an anionic diffusional mediator. The observation that the response was dramatically 
enhanced in the presence of the cationic mediator is consistent with a charge 
attraction process between the mediator and surfactant. In addition the shift to lower 
oxidation and reduction redox potentials is similar to our results with the Fc-C3-LPEI 
and Fc- C6-LPEI coatings. 
As predicted, testing of the sodium cholate films in solutions of the anionic 
mediator ferrocyanide showed a decreased response (Figure 2.8B). However there 
was no increase in the response when tested in the cationic mediator ruthenium 
hexamine (Figure 2.8D). Both of these observations are consistent with the picture 
that the sodium cholate is essentially blocking the surface of the SWNTs and thus 
allowing for little to no increase in the electrochemical surface area. As suggested in 
the literature, the high affinity for sodium cholate to the SWNTs is most likely due to 
the presence of the hydrophobic naphthenic groups. 
Effect of nanotube loading on the performance of electrodes 
Figure 2.9 (A) Effect of the SWNTs film loading on electrochemical performance of 
PVP-OS/GOx based biosensors: scan rate: 50 mv/s in PBS (pH 7.4) at 25 ℃. (B) 
Dependence of the oxidation and reduction peak current on the SWNT film modified 
electrodes with different loading 
To explore the effect of SWNTs film loading on the electrochemical 





























































(0.4-3.74 mg/ml) were cast onto bare glassy carbon electrodes followed by coating 
with a PVP-OS/GOX hydrogel film. The amount of SWNTs solution applied was kept 
constant (10 µL). Figure 2.9 (A) shows cyclic voltammograms of PVP-OS/GOX 
electrodes with different SWNTs film loadings. Compared with control GCEs, 
electrodes modified with nanotube films exhibited higher oxidation and reduction 
peak current. The oxidation and reduction peak current increased as the SWNT film 
loading increased. Meanwhile, it can be observed that the modification of GCEs with 
SWNT films broadened the oxidation and reduction peak separation, indicating 
sluggish electron transfer kinetics. The broadening of redox peak separation was 
consistent with our previous reports and others. The relationship between SWNTs 
film loading and oxidation peak currents is shown in Figure 2.9 (B). From this figure, 
the oxidation peak currents of electrodes showed a linear relationship with the 
SWNTs film loading, indicating more and more active sites of redox polymer became 
electrochemical accessible with the increase of SWNT loading. The increase of 
electrochemical performance may due to the three dimensional structure of the SWNT 
network providing an alternative electron transfer pathway for electrons to be 
transported from distant redox polymer active sites to electrode surface or between the 
neighboring of redox polymer centers.  
Figure 2.10 shows the effect of SWNTs film loading on the enzymatic 
response to glucose. Compared with electrodes without SWNTs, the glucose response 
of electrodes increased initially with the increase of SWNT film loading, then 
plateaued. Electrodes with a SWNTs film of 10 µg exhibited the highest glucose 
response of 2664 µA/cm
2
, 2.4 folds higher than electrodes without SWNTs films. 
Further increasing the SWNTs film loading from 10 µg to 37.4 µg resulted in a slight 
decrease of glucose response. The enzymatic response was not quite in full agreement 
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with the electrochemical results in Figure 2.9 where the oxidation peak current kept 
increasing with high SWNTs loading.  These results indicated that the enzymatic 
response or current is not limited by the electron transport through the redox polymer 
matrix to the electrode surface, but rather electron transfer from the FAD active sites 
of enzyme to the SWNTs film or redox polymer. Besides, it is interesting to observe 
that the incorporation of SWNTs film into PVP-OS/GOx electrodes decreased the 
apparent Km value. The apparent Km for PVP-OS/GOX electrodes without SWNTs 
film was around 10.97, while the Km for electrodes incorporated with different 
SWNTs film loading (4, 10, 20, 30, 37.4 µg) were 7.97, 8.05, 7.7, 7.3 and 7.08, 
respectively. The decrease of Km value with the modification of nanotube suggested 
that the incorporation of SWNTs film could lead to an obvious increase in the affinity 
between glucose oxidase and substrate, which may due to the 3D network of nanotube 





































Figure.2.10 Glucose response for PVP-OS /GOX based electrodes incorporated with 
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Figure 2.11 Effect of SWNTs films on the enzymatic stability of PVP-OS/GOX 
biosensors. Cross-linked films of GOX and PVP-OS films containing no SWNTs, 4 
µg SWNTs films and 10 µg SWNTs films were operated continuously in PBS at pH 
7.4 and 10 mM glucose. E= 0.5V, T=25 ℃ 
Stability tests were performed to determine whether the incorporation of 
different SWNT films into the PVP-OS/GOX based electrodes would affect the 
enzymatic stability of the electrodes. Figure 2.11 shows continuous operation stability 
tests for PVP-OS/GOX based electrodes without SWNT and with SWNTs films 
loading of 4 µg and 10 µg. After 12 hours of operation, PVP-OS/GOX electrode 
without SWNTs retained 45.2% of its original current. For electrodes with the 
modification of 4 µg and 10 µg SWNTs film, the percentage of current remaining was 
69.5% and 83.2%, respectively. From the results shown above, the incorporation of 
SWNT film into redox polymer hydrogel film improved the enzymatic stability of the 
films obviously.  
CONCLUSIONS 
In this study we investigated the electrochemical and enzymatic performance 
of glassy carbon electrodes (GCEs) modified with SWNT films and redox 
polymer/enzyme hydrogels. All of the surfactants examined were able to disperse the 
SWNTs and form stable suspensions in solution, but different SWNT film 
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morphologies were observed on the electrode surface upon drying. We demonstrated 
that the enzymatic response of the biosensors was dependent on (i) the type of 
surfactant used to form the aqueous SWNT dispersion and subsequent SWNT film; 
and (ii) the type of redox polymer. Biosensors constructed with SWNT suspensions of 
the non-ionic surfactant Triton X-100 produced the highest enzymatic responses to 
glucose (~1.7–2.1 mA/cm
2
), while biosensors fabricated with either of the anionic 
surfactants (sodium cholate or NaDDBS) significantly reduced the enzymatic 
response (> 0.4 mA/cm
2
). The fact that these trends in the enzymatic response with 
the same surfactant type were consistent with three different redox polymers provides 
evidence for the importance of surfactant type in the fabrication of SWNT-modified 
GCE biosensors.  Similarly, we also observed that the electrochemical response of the 
biosensors was highly dependent on surfactant type and redox polymer type. We 
generally observed increases in the electrochemical response with both nonionic 
surfactants (Triton X-100 or Tween 20). However, the results with anionic surfactants 
(sodium cholate and NaDDBS) were conflicting. For example NaDDBS significantly 
reduced the electrochemical response with films made with the PVP-Os redox 
polymer, but increased the response with both the Fc-C6-LPEI or Fc-C3-LPEI redox 
polymers. In contrast, sodium cholate reduced the electrochemical response with all 
three redox polymers. We hypothesize that these differences in the electrochemical 
response maybe related to the differences in the chemical structure between NaDDBS 
and sodium cholate (e.g. carboxylate vs. sulfonate groups) that may affect their 
affinity/interaction with to SWNTs and/or the redox polymer.  
Furthermore, the effect of nanotube loading on the electrochemical and 
enzymatic performance of redox polymer hydrogel film was evaluated. Our results 
showed that compared with electrodes without nanotube film, the incorporation of 
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different loading of SWNTs films into PVP-OS/GOX based electrodes resulted in an 
obvious increase in the electrochemical and enzymatic response. In term of glucose 
response, the optimum SWNTs film loading on electrodes was 10 µg. Electrodes with 
the modification of 10 µg SWNTs film could exhibited a limiting current density of 
2664 µA/cm
2
, which is 2.4 folds higher than electrodes without nanotube .Further 
increasing of nanotube film loading decreased the current density output slightly. 
Meanwhile, the enzymatic stability of electrodes got improved with the incorporation 
of nanotube film.  
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Chapter 3:  
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Films for Biofuel Cell Anodes 
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Development of Fructose Dehydrogenase-Ferrocene Redox Polymer Films for 
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 INTRODUCTION 
The use of redox polymers to electrically “wire” redox enzymes to electrode 
supports has been an area of active research since Degani and Heller introduced the 
concept 25 years ago
134
. Due to the high current output produced by these redox 
polymer-enzyme hydrogels, a wide variety of bioelectronic devices have been 






139, 140, 141, 142
, and neurotransmitters
143, 144
. In addition, the strategy of 





, and enzymatic biofuel cells
149, 150, 151, 152
. Another advantage of 
redox polymers is that they have demonstrated an ability to electrically communicate 




















, and sulfite oxidase
136
.  
Given the widespread use of redox polymers, it is surprising that there are only 
a handful of reports about combining enzyme fructose dehydrogenase (FDH) with 
redox polymers (Table 3.1). Narvaez et al. first demonstrated the construction of a 
fructose biosensor by  layer-by-layer (LBL) electrostatic self-assembly of a cationic 





. Similarly, Dominguez et al., also employed LBL technique to prepare 
fructose biosensors based on PVP-Os redox polymer and FDH
160
.  More recently, 




fructose dehydrogenase biosensor by direct wiring of FDH into the PVI-Os hydrogel 
for the detection of fructose in fruit juices and soft drinks
135
. Finally, Hickey et al. 
immobilized FDH into 3-(tetramethylferrocenyl)propyl-modified linear 
poly(ethylenimine) (FcMe4-C3-LPEI) polymer, to develop bioanodes for fructose as 
part of an enzyme cascade that catalyze the hydrolysis of sucrose to fructose and 
glucose, and subsequent oxidation of fructose and glucose
161
. 
Previously, we have reported that redox polymers based on coupling ferrocene 
to a linear poly(ethylenimine) (LPEI) backbone can efficiently wire the redox centers 
of glucose oxidase
162, 163 
or horseradish peroxidase to electrode
162
 surfaces, producing 
high current densities of > ~1 mA/cm
2
. We have also demonstrated that either (i) 
direct incorporation of SWNTs into redox polymer-enzyme hydrogels
124, 125
, or (ii) 
deposition of redox polymer-enzyme hydrogel onto electrode modified with SWNT 
film
164
, also increases the signal output. In this study, we investigate whether the Fc-
C6-LPEI redox polymer can efficiently wire the redox centers of fructose 
dehydrogenase. To optimize the signal output to fructose, we characterized the effect 
of the pH of enzyme solution and redox polymer solution used for film formation on 
the electrochemical and enzymatic response. We also tested the hypothesis that 
providing a high surface area SWNTs network would increase the electrochemical 
and enzymatic performance of Fc-C6-LPEI/FDH electrodes. Finally, we investigated 





Chemicals and solutions  
D-Fructose dehydrogenase from Gluconobacter sp. (EC 1.1.99.11, grade III, 
179 units/mg solid) was purchased from Toyobo Co. Triton X-100 was purchased 
from EM Science. Ethylene glycol diglycidyl ether (EGDGE) and Poly(ethylene 
glycol) diglycidyl ether 400 (PEGDGE) were purchased from Polysciences. 
Mcilvaine buffer (pH 5) was prepared by dissolving 14.6 g Na2HPO4 and 9.3 g citric 
acid in 1 L of nanopure deionized water. Stock solutions of 2 M D-fructose were 
prepared in water and subsequently kept refrigerated at 4°C.  Purified CoMoCAT 
single-wall carbon nanotubes (SWNTs) were generously provided by South West 
Nanotechnologies. All chemicals, solvents and nanotubes were used as received 
without further purification. Both of the PVP-OS and Fc-C6-LPEI redox polymers 






Dispersions of SWNTs were prepared as previously described
164
 by adding 2 
or 5 mg of SWNT powder to 5 ml of a Triton X-100 aqueous solution resulting in a 
final SWNT concentration of 0.4 and 1.0 mg/ml, respectively. The concentration of 
Triton X-100 in the aqueous solution was 5 g/L. Following initial mixing the solution 
was ultrasonicated for 1 hour with a horn sonic dismembrator (Model 500, Fisher 
Scientific) running at 22% output to disperse the SWNTs.  
Fructose Dehydrogenase Electrodes  
3 mm diameter glassy carbon electrodes (GCE) were successively polished on 
three grades of alumina (5, 1, 0.3 μm). After each polishing step the electrodes were 
thoroughly washed with nanopure water. A solution of redox polymer Fc-C6-LPEI 
was prepared by dissolving the solid polymer in water and adding small aliquots of a 
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0.1 M HCl solution until the final concentration of the polymer solution was 10 
mg/mL and the pH was 5. A FDH solution (10 mg/ml) was prepared by dissolving 5 
mg of FDH in 0.5 ml of water. Crosslinked films of Fc-C6-LPEI and FDH were 
prepared by first mixing 14 µL of the 10 mg/ml Fc-C6-LPEI solution, 6 µL of a 10 
mg/ml FDH solution, and 0.75 µL of and aqueous EGDGE (10% v/v) solution, and 
then depositing a 3 µL aliquot of the mixture onto the surface of a glassy carbon 
electrode. The mixture was allowed to dry and crosslink overnight under room 
temperature. In some experiments, a film of entangled SWNTs was formed on the 
surface of the GCE prior to coating redox polymer/enzyme hydrogel as previously 
described 
164
. To form the SWNTs film, 10 µl of the Triton X-100/SWNTs dispersion 
was cast on top of a polished glassy carbon electrode and allowed to dry overnight at 
room temperature. Next a 3 µL aliquot of the Fc-C6-LPEI/FDH/EGDGE mixture was 
deposited on top of the SWNTs film and allowed to dry and crosslink overnight. 
Laccase Electrodes 
A solution of the osmium redox polymer PVP-Os was prepared by dissolving 
10 mg of solid polymer in 1 ml of water (10 mg/ml PVP-Os). A laccase solution (35 
mg/ml) was prepared by dissolving 10.5 mg of laccase in 0.3 ml of water.  
Crosslinked films of PVP-Os and laccase were prepared by mixing 14 µL of 10 
mg/ml PVP-Os, 6 µL of 35 mg/ml laccase, and 1 µL of PEGDGE (2.5 mg/ml) 
together, and subsequently casting a 3 µL aliquot onto a 3 mm glassy carbon electrode. 
The mixture was allowed to dry and crosslink overnight under room temperature. 
Similar to the FDH electrodes, in some experiments, a film of entangled SWNTs was 





Constant potential experiments and cyclic voltammetry were performed with a 
CH Instruments model 832 bipotentiostat. Unless otherwise noted, experiments were 
conducted in a three-electrode cell configuration with a saturated calomel reference 
electrode (SCE) and a platinum wire counter electrode with Mcilvaine buffer (pH 5) 
as the background electrolyte. Constant temperature (25±1°C) was maintained during 
the experiments by using a water-jacketed electrochemical cell connected to a 
circulating water bath. Fructose calibration curves were obtained by adding aliquots 
of a stock 2 M D-fructose solution to a well-stirred cell with the working electrode 
poised at 500 mV vs SCE.  
Enzymatic biofuel cells were assembled by placing one electrode (anode) 
coated with a Fc-C6-LPEI/FDH/EGDGE film and a second electrode (cathode) coated 
with a PVP-Os/Laccase/PEGDGE film into a one-compartment electrochemical cell 
filled with McIlvaine buffer pH 5 and 60 mM fructose. Polarization and power curves 
were obtained by measuring the current as a function of potential during slow scan 
polarization (1 mV/s). At a minimum, each experiment was performed in triplicate 
using separately constructed electrodes, and the current and power densities were 
calculated using the geometric surface area of the electrode (0.07 cm
2
). 
RESULTS AND DISCUSSION 
Effect of enzyme solution pH on Electrochemical and Enzymatic Response  
The efficient transfer of electrons between redox polymers and redox enzymes 
is dependent upon an electrostatic complex being formed between them 
165
. Thus the 
pH of both the enzyme solution and the redox polymer solution will have a significant 
effect on the enzyme’s and polymer’s charge in solution and the electrostatic complex 
that forms. With this in mind, we investigated the influence of the pH of the enzyme 
solution used in forming the hydrogel between Fc-C6-LPEI and Fructose 
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dehydrogenase (FDH) on the electrochemical and enzymatic performance. As the pH 
of enzyme solution increased from 3.3 to 4, there was no obvious change in the shape 
of cyclic voltammograms (Figure 3.1A). Further increase of enzyme solution pH 
caused a small shift in the oxidation peak potential that resulted in a broader potential 
peak separation (ΔEp) that ranged between 123 to 130 mV. Similarly, we also 
observed a small increase in the oxidation peak current as the solution pH increased 
from pH 3.3 to 6.0 (Fig. 3.1C). These results suggest that the pH of the enzyme 
solution had a minimal effect on the electrochemical behavior of the crosslinked 
redox polymer-enzyme hydrogels. 
Figure 3.1 Effect of enzyme solution pH on sensor performance. (A) Representative 
cyclic voltammograms of Fc-C6-LPEI/FDH electrodes prepared by using FDH 
enzyme solutions with different pH (scan rate 50 mV/s, in Mcilvaine buffer (pH=5), 
25C. The pH of Fc-C6-LPEI solution was 5.0. (B) Steady-state fructose response of 
Fc-C6-LPEI/FDH electrodes, E = 0.5 V vs SCE, in Mcilvaine buffer. (C) Dependence 
of oxidation peak current and maximum current density on the pH of enzyme solution. 
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To investigate how the pH of the enzyme solution affects the enzymatic 
response of crosslinked redox polymer/enzyme hydrogels to fructose, we performed 
constant potential experiments and measured the current output following fructose 
injections. Figure 3.1B shows that the GCE electrodes coated with crosslinked 
hydrogels of Fc-C6-LPEI/FDH displayed Michaelis-Menten type behavior in response 
to fructose.  In contrast to the minimal changes in the electrochemical response with 
enzyme solution pH, the enzymatic response showed a significant effect of pH. (Fig 
3.1C). The optimal pH of enzyme solution for constructing fructose dehydrogenase 
hydrogels was in the range between 5 and 6. Decreasing the pH to 4 or lower resulted 
in a decrease of enzymatic response. This optimal pH of the enzyme solution used to 
construct redox polymer-enzyme films was higher than the optimal pH (4.0 or 4.5) 
reported for soluble FDH
166, 167
. The differences may be related to solution vs 
immobilized FDH or the nature of the electron acceptor (hexacyanoferrate (III) vs 
ferrocene). In order to optimize the signal output, enzyme solution with pH 6.0 was 
used for constructing Fc-C6-LPEI/FDH films for subsequent experiments.  
Effect of Fc-C6-LPEI redox polymer solution with different pH 
 We also investigated the effect of redox polymer solution pH on the 
electrochemical and enzymatic performance of Fc-C6-LPEI/FDH electrodes by 
constructing electrodes using redox polymer solutions with varying pH while keeping 
the enzyme solution pH constant (pH = 6). Figure 3.2 (A) shows the cyclic 
voltammograms of Fc-C6-LPEI/FDH based electrodes constructed using Fc-C6-LPEI 
solutions with pH from 3.1 to 7.0. As the pH of redox polymer solution decreased 
from 7.0 to 3.9, the oxidation peak potential decreased by around 30 mV, indicating 
that the pH of polymer solution affected the electron transport process between the 
redox polymer film and electrode surface. Previous studies
168, 169, 170
 suggested that 
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configuration of the redox polymer is pH dependent, with the redox polymer adopting 
an extended rod conformation at low pH due to high linear charge density, whereas at 
high pH, the linear charge density is reduced and the polymer adopts a coiled 
conformation. The conformation shift, in turn, leads to changes in the electrochemical 
performance of electrodes. As the redox polymer solution pH further decreased from 
3.9 to 3.1, the oxidation peak potential slightly increased, and the redox peaks of 
electrodes exhibited a diffusion tail, suggesting a mass transfer effect in the redox 
mechanism. The relationship between the oxidation peak current of the redox 
polymer-enzyme films and the redox polymer solution pH are shown in Figure 3.2C. 
Decreasing the redox polymer solution pH from 7.0 to 3.9 did not result in an obvious 
change in the oxidation peak current. Further decrease of the redox polymer solution 
pH to 3.1 increased the oxidation peak current. 
Figure 3.2B shows the enzymatic response of electrodes to fructose for the 
electrodes coated with different redox polymer pH solutions. As shown in Figures 
3.2B and 3.2C, the pH of the redox polymer solution had a significant effect on the 
enzymatic performance of the Fc-C6-LPEI/FDH coated electrodes. As the pH of redox 
polymer solution decreased from 7.0 to 6.0, there was a ~ 5-fold increase in the 
maximum current density. Further decreasing the pH of polymer solution to 3.9 
resulted in a large increase in the enzymatic response, with the limiting current 
density reaching 245 µA/cm
2
 at the saturating fructose concentration. Additional 
decreases of the pH to 3.4 and 3.1 significantly reduced the enzymatic response. To 
summarize, we observed no enzymatic response to fructose for sensors constructed 
with a redox polymer solution pH of 7.0 or 3.1. These results agree with a previous 
report that FDH is denatured at pH <3.0 and >6.0
171
.  Since the optimized pH of the 
redox polymer solution for constructing fructose dehydrogenase based electrodes was 
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around 3.9, all subsequent FDH/Fc-C6-LPEI films were prepared with this redox 
polymer solution pH. It is important to note that the fructose current densities 
observed in this study are approximately 5-15 times higher than those reported for 
other fructose dehydrogenase electrodes that utilize redox polymers (Table 3.1) or 




































Figure 3.2 Effect of redox polymer solution pH on sensor performance. (A) 
Representative cyclic voltammograms of Fc-C6-LPEI/FDH electrodes prepared by 
using different pH Fc-C6-LPEI solutions (scan rate 50 mV/s, in Mcilvaine buffer 
(pH=5), 25C. The pH of the FDH solution was 6.0. (B) Steady-state fructose 
response of Fc-C6-LPEI/FDH electrodes, E = 0.5 V vs SCE, in Mcilvaine buffer. (C) 
Dependence of oxidation peak current and steady state current density on the pH of 








Table 3.1 Comparison of the Enzymatic Response of Various Fructose Sensors Based 
















PVP-Os LBL 1.0 19.3 19.7 
159
 
PVI-Os CNP 3.7 1.95 15.6 
135
 
PVI-Os SPGE 10.5 2.1 23.9 
175
 
FcMe4-C3-LPEI SCF 7.9 4.0 53.2 
161
 
Fc-C6-LPEI SCF 9.1 17.1 245 This work 
Fc-C6-LPEI SCF/SWNT 6.3 93.6 1040 This work 
PVI-Os = poly[(1-vinylimidazole)Os(bpy)2Cl]; LBL = Layer-By-Layer; CNP = 
Carbon Nanotube Paste; SC = Solution Cast Film; SPGE = Screen-printed graphene 
electrode. JMax is the maximum current obtained experimentally at saturating fructose 
concentrations. Km is the Michaelis-Menten constant and was determined graphically 
from a Lineweaver-Burke plot. *Sensitivity was determined from the experimental 
current response at 5 mM fructose concentration or values reported in the literature. 
Effect of incorporating SWNTs film into FDH/Fc-C6-LPEI electrodes 
Figure 3.3 Effect of SWNT films on the electrochemical and enzymatic response of 
Fc-C6-LPEI/FDH modified electrodes. (A) Cyclic voltammograms of Fc-C6-
LPEI/FDH electrodes with the incorporation of SWNTs films. Scan rate=50 mV/s in 
Mcilvaine buffer (pH=5) at 25C. (B) Calibration curves of Fc-C6-LPEI/FDH based 
electrodes with SWNT films, E=0.5 V vs SCE 
 
We have recently demonstrated that modifying the surface of glassy carbon 
electrodes with a network of SWNTs prior to coating with a redox polymer/enzyme 
film containing glucose oxidase led to a significant increase in the enzymatic response 
to glucose, reaching a current density of ~1.7–2.1 mA/cm
2164
.  To determine whether 
this technique would increase the response to fructose, we performed similar 
experiments with two different SWNTs film loadings (4 µg and 10 µg).  Figure 3.3A 
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shows the CVs of Fc-C6-LPEI/FDH electrodes coated with 4 µg and 10 µg SWNTs 
film loadings and without SWTNs. For the electrodes without SWNTs films, a pair of 
well-defined redox peaks corresponding to the oxidation and reduction of the redox 
polymer’s ferrocene complexes was observed at 290 and 166 mV versus SCE, 
respectively. In contrast, modifying the GCEs with SWNT films resulted in a 
significant change in the electrochemical response (Figure 3.3A). The modification of 
GCE with the 4 µg and 10 µg SWNT films resulted in a 1.6- and 4.8-fold increase in 
the oxidation peak current, respectively, and shifted the oxidation and reduction peak 
potential, resulting in a broader potential peak separation (△E 4 µg SWNTs film= 184mV, 
△E10 µg SWNTs film= 186 mV) as compared to the peak separation for electrodes without 
SWNTs films (△Eno SWNTs film= 124mV).  The increase in the current response is most 
likely related to both an increase in the electrochemical surface area provided by the 
SWNTs and more of the redox polymer’s ferrocene centers being electrochemically 
accessible
124, 164
. The large shift in the peak separation potentials is inconsistent with 
our previous reports
124, 164
. The cause of the change in the oxidation and reduction 
potentials is unknown and may be related to differences in the ability of SWNTs to 
donate or accept electrons at (i) the glassy carbon interface, (ii) junctions between 
interconnected SWNTs, or (iii) with ferrocene redox centers.  
Similar to the electrochemical results, modification of the GCEs with the 
SWNT films had a significant effect on the enzymatic response to fructose. Figure 3B 
shows the calibration curves to fructose for electrodes with and without SWNTs. 
Electrodes without SWNTs film exhibited a maximum current density of 245 µA/cm
2
 
at saturating fructose concentrations, while electrodes coated with the 4 µg and 10 µg 
SWNTs films produced maximum current densities of 636 µA/cm
2





Similarly the sensitivity of the SWNT coated electrodes at low fructose 
concentrations (5 mM) were 3.6-fold or 5.8-fold higher then control electrodes.  
Effect of incorporating SWNTs on the performance of PVP-OS/Laccase cathode 
electrodes 
Figure 3.4 Effect of SWNT films on the electrochemical and enzymatic response of 
PVP-Os/Laccase modified electrodes.  (A) Representative cyclic voltammograms of 3 
mm GCEs coated with cross-linked hydrogels of PVP-Os/laccase and modified with 
and without SWNT a film. CVs were obtained in a Mcilvaine buffer (pH=5) at a scan 
rate = 50 mV/s, and T=25
o
C, (B) Amperometric response of 3 mm GCEs coated with 
cross-linked hydrogels of PVP-Os/laccase and modified with and without SWNT a 
film in a N2-saturated solution changed to an air-saturated solution at E=0.2 V, 
T=25
o
C, and Mcilvaine buffer (pH 5). 
 
Multi-copper oxidases such as laccase or bilirubin oxidase are widely used for 
the bioelectrocatalytic reduction of dioxygen in biofuel cell cathodes. To determine 
whether the modification of GCEs with high surface SWNT films would improve the 
electrochemical and enzymatic performance of PVP-OS/laccase cathode electrodes, 
we prepared PVP-OS/laccase cathode electrodes without and with 10 µg SWNTs 
films. Figure 3.4A shows the CVs of PVP-OS/laccase coated electrodes with and 
without a SWNT film. Similar to aforementioned results in Figure 3.3A, the 
incorporation of SWNTs film resulted in a 3.5-fold increase in the oxidation and 
reduction peak current.  
The corresponding enzymatic response of the prepared PVP-OS/laccase 
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electrodes is shown in Figure 3.4B. Compared with electrodes without SWNTs film, 
the incorporation of 10 µg SWNTs film into electrodes resulted in a 2.3- fold increase 
in the response to oxygen, reaching a current density of 366 µA/cm
2
. Taken together, 
these results provide evidence that the modification of GCEs with a high surface 
SWNT network is applicable to construct various enzyme and redox polymer based 
electrodes with enhanced electrochemical and enzymatic signal output.  
Fructose/O2 biofuel cells 
 
Figure 3.5 Fructose/O2 biofuel cell schematic with Fc-C6-LPEI mediated fructose 
anode electrodes and PVP-OS mediated laccase cathode electrodes. Flow of electrode 
from the oxidation of fructose to the reduction of oxygen, with the redox reaction. 
 
 
Figure 3.6  Effect of SWNT films on Bioanode and Biocathode Response. 
Representative polarization curves of Fc-C6-LPEI/FDH bioanodes and PVP-
Os/laccase biocathodes without (A) and with a SWNT film (B). Measurements were 
made in a stirred solution under air-saturating conditions, Mcilvaine buffer (pH 5), 60 





To determine the usefulness of the Fc-C6-LPEI/FDH hydrogel as an anode 
material, we constructed one-compartment fructose/O2 biofuel cells consisted of a Fc-
C6-LPEI/FDH anode and a PVP-OS/laccase cathode both with or without SWNT 
films. A schematic of fructose/O2 biofuel cell is shown in Figure 3.5. The electrons 
from the oxidation of fructose are passed from fructose dehydrogenase to the oxidized 
ferrocenium active sites in the Fc-C6-LPEI polymer until they reach the electrode 
surface. Then, through external circuit, the electrons transfer through the PVP-OS 
hydrogel film until they reach the active site of laccase, where the reduction of 
molecule oxygen to water occurs.  
Figure 3.6 shows the polarization curves for anodes and cathodes without (Fig. 
3.6A) and with SWNTs film (Fig. 3.6B). The biofuel cells were operated in a 
McIIvaine buffer (pH 5.0) containing 60 mM fructose under O2-saturated conditions 
at room temperature. For the biofuel cell without SWNTs films, the catalytic electro-
oxidation current of fructose appeared at 0.07 V and reached a maximum current 
density of 124 µA/cm
2
 at 0.3 V.  The catalytic electroreduction current of oxygen 
occurred at 0.45 V and reached a maximum value of 180 µA/cm
2
 at 0.2 V. Comparing 
the midpoints of each anodic polarization curve to the midpoint of the cathodic curve, 
the cell voltage of biofuel cell was determined to be 0.12 V at maximum power. 
Figure 3.6B shows the polarization curve for anodes and cathodes with SWNTs films. 
Compared to the results of electrodes fabricated without SWNTs (Figure 3.6A), the 
incorporation of SWNTs increased both the maximum current density and the redox 
potential. The current density of Fc-C6-LPEI/FDH anodes that contained SWNT films 
reached a maximum of 680 µA/cm
2
 at 0.38V. This current density was ~4 times 
higher than that without SWNTs film. Likewise, the current density of PVP-
OS/laccase electrode with SWNTs film reached a maximum of ~502 µA/cm
2
 at 0.26V. 
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The exact cause for this shift in redox potential is unknown and currently under 
investigation. 
 
Figure 3.7  Effect of incorporating SWNTs on the biofuel cell performance. 
Representative polarization (A) and power density (B) curves of biofuel cells 
fabricated with bioanodes and biocathodes, modified with and without SWNT films. 
Measurements were made in stirred solutions under air-saturating conditions, 
Mcilvaine buffer (pH 5.5), and 60 mM fructose. The bioanode was a 3 mm GCE 
coated with the Fc-C6-LPEI/FDH film while the biocathode was a 3 mm GCE coated 
with the PVP-Os/laccase film. 
 
Figure 3.7A shows the polarization curve of biofuel cells using Fc-C6-
LPEI/FDH anodes and PVP-OS/Laccase cathodes with or without SWNTs, while 
Figure 3.7B shows the power density dependence of the voltage. For biofuel cell 
without SWNT film, the maximum current density was ~136 µA/cm
2
, and the 
maximum power density was 9.8 µW/cm
2
 at a cell voltage of 120 mV. The open-
circuit voltage (OCV) was estimated to be 470mV. Incorporation of SWNTs into both 
the anode and cathode resulted in a 2.7-fold increase in the maximum current density, 
reaching 360 µA/cm
2
, and a 2.9-fold increase in the maximum power density output, 
to 29 µW/cm
2
 at the cell voltage of 152 mV. The biofuel cell with SWNTs film 
exhibited the OCV of 550 mV. From the results above, it can be concluded that the 
incorporation of SWNTs into biofuel cells improved the current density and power 




In this study, we reported the construction and characterization of reagentless 
amperometric fructose electrodes by immobilizing fructose dehydrogenase (FDH) in 
ferrocene-modified linear poly(ethylenimine) (Fc-C6-LPEI) hydrogels. We 
demonstrated that the electrochemical and enzymatic properties of FDH/redox 
polymer electrodes were highly dependent upon both the pH of enzyme solution and 
the pH of redox polymer solution. The optimal pH range of enzyme solution and 
redox polymer solution were in the range of 5 to 6 and around 3.9, respectively. This 
is an important finding because most reports on redox polymer enzyme films only 
investigate the effect of buffer pH on sensor performance after the redox polymer-
enzyme film has been crosslinked. Very few papers have investigated the effect of 
polymer and enzyme solution pH. The pH will affect the charge on both the enzyme 
and redox polymer, which in turn, affects the electrostatic complex that initially 
formedbetween the enzyme and redox polymer, and consequently the crosslinked film 
formed and the sensor response. The Fc-C6-LPEI/FDH electrodes exhibited a limiting 
current density of 245 µA/cm
2 
at saturating fructose concentration, which is 
significantly higher than other reports of redox mediated fructose sensors. We also 
demonstrated that the modification of GCEs with SWNTs (6,5) films prior to coating 
of the Fc-C6-LPEI/FDH films resulted in an increase in the electrochemical and 
enzymatic performance of electrodes, with the limiting current density of ~ 1 mA/cm
2
. 
Although the use of SWNTs networks to increase the response of redox polymer-
enzyme films has been reported previously with glucose oxidase, to our knowledge, 
this is the first report using fructose dehydrogenase as the enzyme. Similarly, we also 
applied this SWNTs network technique to improve the response of films consisting of 
an osmium-based redox polymer (PVP-Os) and the enzyme laccase and 
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demonstrateds an increased signal output. The SWNTs network results with laccase 
and fructose dehydrogenase are important because they demonstrate that the 
fabrication of SWNTs networks can be used as a general technique for improving the 
signal output of redox polymer-enzyme films. Finally, we demonstrated that these 
films have potential use in enzymatic biofuel cell applications that utilize fructose as 
the biofuel by producing a maximum power density of 9.8 µW/ cm
2
 in biofuel cells 
without SWNTs.  The incorporation of SWNTs into the bioanode and biocathode 
films resulted in an increase in the cell voltage and open circuit potential.and a ~3 fold 
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Single Wall Carbon Nanotube (7,6) film modified Ferrocene-
modified Linear Poly(ethylenimine) Hydrogel film for Biofuel Cell 
INTRODUCTION 
The excellent electronic properties of single wall carbon nanotubes (SWNTs), 
along with their extraordinary chemical structure, have gained enormous interest in 
designing high performing electronic devices and sensors
176, 177
. Kong et al were the 
first to build a carbon nanotube molecular sensor using semiconducting SWNTs for 
the detection of NO2 and NH3 gas
178
. Since then, semiconducting SWNTs have been 
widely employed in constructing nanostructured enzymatic electrodes for biosensor 
and enzymatic biofuel cells 
179, 180, 181
. 
 In order to maximally take advantage of nanotube’s exceptional bulk 











. There are some factors 
affecting the properties of these structures, such as the type of carbon nanotubes used 
(e.g. single-walled vs. multi-walled
101, 102









, and nanotube 
length
111, 112
. Peng Zhao et al
185
 studied the effect of chirality of single wall carbon 
nanotube on the electronic properties of a diarylethene-based molecular switch, 
suggesting that the chirality of SWNTs is an important factor determining the 
conductance of molecular switches. Recently, we reported 
24
that modification of bare 
glassy carbon electrodes with high surface semi-conductive single wall carbon 
(SWNTs (6,5)) nanotube film from solutions dispersed by Triton X-100 increased the 
electrochemical and enzymatic performance of redox polymer/enzyme hydrogel film 





Therefore, in this study, we investigated whether modifying the surface of a glassy 
carbon electrode with a type of SWNTs(7,6) that are electrically more conductive 
would further increase the electrochemical and enzymatic performance of crosslinked 
redox polymer-enzyme films deposited onto nanotube films modified glassy carbon 
electrodes.  We also evaluated how the nanotube loading and redox polymer/enzyme 
hydrogel solution loading affects the electrochemical and enzymatic performance of 
electrodes. To test whether these conductive SWNT networks were applicable to 
redox polymer-enzyme films in general, we tested this strategy with two different 
enzymes (Glucose oxidase, and Laccase).  Finally, we constructed enzymatic biofuel 
cells with the optimized SWNT/redox polymer enzyme composite structures.  
EXPERIMENTAL SECTION 
Chemicals and solutions 
Glucose oxidase from Aspergillus niger (EC 1.1.3.4, type X-S, 147.9 units/mg 
of solid, 75% protein) was purchased from Sigma Aldrich. Triton X-100 was 
purchased from EM Science. Ethylene glycol diglycidyl ether (EGDGE) was 
purchased from Polysciences, Warrington, PA. All chemicals and solvents were used 
as received without further purification. FcMe2-C3-LPEI and Cl-Fc-LPEI redox 
polymer were kindly provided by Dr.Glatzhofer’s lab and synthesized by David 
Hickey 
186, 187
. 50 mM phosphate buffer solution (pH=7) was prepared by dissolving 
6g of NaH2PO4 in 1 L of nanopure deionized water. 2M glucose solution was 
prepared in water 24 h before use and refrigerated at 4°C when not in use. Semi-
conductive SWNTs (6,5) and SWNTs (7,6) were purchased from South West 
Nanotechnologies. The nanotube suspensions with different concentrations were 
sonicated in 5 g/L Triton X-100 aqueous solutions with a horn sonic dismembrator 
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(Model 500, Fisher Scientific) running at 22% output for 1 hour to de-bundle the tube 
aggregates.  
Anodic enzyme electrodes 
Glassy carbon electrodes (3 mm diameter stationary disk or 5 mm diameter 
rotating disk ) were polished successively on three grades of alumina (5, 1, 0.3μm), 
and washed thoroughly with nanopure water after each polishing step.  
FcMe2-C3-LPEI solution was prepared by dissolving in water and the addition 
of a 0.1 M HCl solution until the final concentration of the polymer solution was 10 
mg/mL and pH was 5. Anodic glucose electrodes were prepared by a two-step 
procedure: first, 10 µl of a nanotube dispersion was cast on top of a polished glassy 
carbon electrode and allowed to dry overnight at room temperature to form a 
nanotube film on top of GCE. Second, redox hydrogels were made from mixing 14 
µL of FcMe2-C3-LPEI polymer solution (10 mg/mL in water), 6 µL of GOX solution 
(10 mg/mL), and 0.75µL of EGDGE crosslinker solution. Next, different amounts of 
the respective redox polymer/enzyme/crosslinker mixture were deposited on top of a 
nanotube coated glassy carbon electrodes and allowed to dry for at least 12 h. Anodic 
electrodes with SWNTs film were prepared by a two-layer procedure shown in our 
previous publication
24
. First, 10 µl of different concentration SWNT dispersions in 
Triton X-100 solutions was cast on top of a polished glassy carbon electrode and 
allowed to dry overnight at room temperature to form a SWNTs film, followed by 
FcMe2-C3-LPEI /GOX hydrogel films as described previously. 
Cathodic enzyme electrodes  
12 mg/ml Cl-Fc-LPEI solution was prepared by dissolving Cl-Fc-LPEI 
polymer in water. Cathodic electrodes without SWNTs film were prepared by 
crosslinking Cl-Fc-LPEI with laccase to form enzymatic redox hydrogel film: mixing 
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14 µL of Cl-Fc-LPEI solution (12 mg/ml), 6 µL of Laccase solution  (35 mg/ml) and 
10 µL of PEGDGE (2.5 mg/ml) together, and casting aliquot of different volumes 
onto 3mm glassy carbon electrode surfaces. The catholic electrodes with SWNTs 
films were prepared by a two layer procedure. First, 10 µl of 3 mg/ml SWNTs 
dispersion in TX solutions was cast on top of a polished glassy carbon electrode and 
allowed to dry overnight at room temperature to form a SWNTs film on top of GCE, 
followed by Cl-Fc-LPEI /Laccase hydrogel films as described previously. 
Electrochemical and Spectroscopic Measurement 
Electrochemical characterization (i.e. cyclic voltammetry and constant 
potential experiments) was performed in a three-electrode cell configuration (counter 
electrode = platinum wire, reference electrode = saturated calomel electrode, SCE) 
with a CH Instruments model 832 bipotentiostat. The temperature was maintained at 
25±1°C with a water-jacketed electrochemical cell. The background electrolyte was 
50 mM phosphate buffer solution, pH 7. Glucose response was measured by adding 
aliquots of a stock 2 M glucose solution to a well-stirred cell with the working 
electrode poised at 400 mV vs SCE. The biofuel cells were assembled by placing one 
anodic enzyme electrode and one cathodic enzyme electrode into a one-compartment 
electrochemical cell filled with pH 5.5 citric buffer and 60 mM glucose.  
Calculation and Statistics 
Current densities were calculated using the geometric surface area of a 3-mm-
diameter electrode. Values are presented as mean ± standard error of the mean (SEM) 
unless otherwise specified. 
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RESULTS AND DISCUSSION 
Effect of different SWNTs on the performance of FcMe2-C3-LPEI /GOX 
electrodes 
 
Figure 4.1 Effect of different SWNTs on the performance of FcMe2-C3-LPEI /GOX 
based electrodes. (A) Cyclic voltammetry  and Calibration curves (B) of FcMe2-C3-
LPEI /GOX electrodes without and with different SWNTs  films; For CV curves,  
Scan rate = 50 mV/s, T=25
o
C, pH=7 sodium phosphate buffer. For calibration curves, 
E= 0.4V 
Previously, we demonstrated that the incorporation of semi-conductive 
SWNTs (6,5) film dispersed by Triton X-100 into cross-linked redox polymer and 
enzyme electrode led to significant increase in the electrochemical and enzymatic 
response of these electrodes
24
. In order to investigate whether modifying the surface 
of a glassy carbon electrode with different SWNTs network would improve the 
electrochemical and enzymatic performance of cross-linked redox polymer-enzyme 
based electrode, cyclic voltammetry and constant potential experiments were 
performed with a more conductive SWNTs(7,6) film modified FcMe2-C3-LPEI /GOX 
electrode. Figure 4.1(A) shows the cyclic voltammograms of bare GCE and different 
nanotube films modified GCEs with a FcMe2-C3-LPEI /GOX film in sodium 
phosphate buffer solution. For bare GCEs modified with a FcMe2-C3-LPEI /GOX 
hydrogel film, a pair of well-defined redox peaks corresponding to the oxidation and 




mV versus SCE, respectively (△E=118 mV). The incorporation of either type of 
SWNTs film into FcMe2-C3-LPEI/GOX electrodes resulted in significant increase in 
the background current and redox peak current.  The increase of background current 




. Compared with 
electrodes without nanotubes, the incorporation of SWNTs (7,6) film and SWNTs 
(6,5) films onto electrodes led to 6.2-fold and 4.15-fold increase in the oxidation peak 
current, respectively, suggesting that electrodes modified with SWNTs (7,6) film 
showed better electrochemical performance than those with semi-conductive 
SWNTs(6,5) film. Besides, the presence of SWNTs film shifted both the oxidation 
and reduction potential peaks, and resulted in a broader potential separation (△E 
SWNTs(6,5)=222 mV,  △E SWNTs(7,6)=248 mV). The broader potential separation might 
result from the presence of SWNTs film taking part in the process of donating or 
accepting electron between the redox centers of redox polymer or from the redox 
center to electrode surface.  
To determine the effect of different nanotube networks on the enzymatic 
response of FcMe2-C3-LPEI /GOX electrodes to glucose, we performed constant 
potential amperometry by poising the electrodes at 50 mV higher than oxidation peak 
potential and measuring the current output as aliquots of a stock 2 M glucose solution 
were added to a well-stirred sodium phosphate buffer solution  Figure 4.1 (B) shows 
the corresponding glucose response of SWNTs (6,5) and SWNTs(7,6) film modified 
GCE coated with FcMe2-C3-LPEI /GOX film in sodium phosphate buffer. Electrodes 
with and without SWNTs films exhibited Michaelis-Menten type behavior. Compared 
with electrodes without nanotube, the incorporation of SWNTs(6,5) and SWNTs(7,6) 
films into FcMe2-C3-LPEI /GOX electrodes resulted in 2.84 and 4.87 fold increases in 





, respectively. Taking the CV results and glucose response results 
into consideration, it can be observed that electrodes modified with SWNTs(7,6) film 
showed better electrochemical and enzymatic performance than those modified with 
SWNTs (6,5) film, suggesting that the chirality of nanotube is another important 
factor affecting the performance of redox polymer and enzyme electrodes.  In order to 
maximum the current density output of electrode, SWNTs(7,6) nanotube was selected 
to modified GCE in the following experiments. 
Effect of SWNTs (7,6) film loading on the performance of FcMe2-C3-LPEI /GOX 
electrodes 
 
Figure 4.2 Effect of SWNTs(7,6) film loading on electrochemistry of FcMe2-C3-LPEI 
/GOX based electrodes; Scan rate= 50 mv/s in sodium phosphate at 25℃. 
 
In order to optimize the performance of SWNTs(7,6) film modified electrodes, 
the effect of nanotube film loading on the electrochemical performance of redox 
polymer/GOX based electrodes was investigated by casting different concentrations 
of SWNTs solutions (0.025-4 mg/ml) onto bare glassy carbon electrodes followed by 
FcMe2-C3-LPEI /GOX hydrogel film while keeping the volume of SWNTs solution 
applied constant (10 μL). Figure 4.2 shows the cyclic voltammograms of FcMe2-C3-
LPEI /GOX based electrodes with different SWNTs film loadings. As the nanotube 























































current increased gradually, indicating more and more active sites of redox polymer 
became accessible with increasing loading of SWNTs. The initial increase in 
oxidation peak current with higher SWNTs film loading (10-30 µg) may be the result 
of redox centers distant from electrode surface became electrochemically accessible 
with the aid of the continuous 3D high surface carbon nanotube network formed. 
However, further increase of SWNTs loading to 40 µg resulted in a slight decrease of 
oxidation peak current, which may result from the mass transfer resistance with 
higher loading of SWNTs film. The fact that the diffusion tails at the limits of the 
potential scans, which is governed by mass transfer, increased with higher loading of 







Figure 4.3 Glucose responses for FcMe2-C3-LPEI /GOX based electrodes modified 
with different SWNTs loading in sodium phosphate buffer. T=25℃, E=0.4 V. 
 
The effect of SWNTs film loading on the enzymatic response of FcMe2-C3-
LPEI /GOX electrodes is shown in Figure 4.3. Low SWNTs loading (0.25 µg) had 
little effect on the glucose response output. Increasing the film loading resulted in an 
obvious increase in the enzymatic response to glucose initially, and then plateaued 
with the SWNTs loading of 40 µg. Electrodes with the SWNTs film loading of 30 µg 
showed the highest current density output at the glucose saturating concentration 
reaching 5556 µA/cm
2




Effect of redox hydrogel loading on the performance of FcMe2-C3-LPEI /GOX 
electrodes 
To characterize the effects of polymer and enzyme solution loading on the 
electrochemical properties of SWNTs(7,6) film modified electrode, cyclic 
voltammetry was performed. Figure 4.4(A) shows CV curves of SWNTs (7,6) film 
modified FcMe2-C3-LPEI /GOX electrodes with different redox hydrogel loadings. As 
the polymer solution loading increased, the oxidation peak current increased linearly 
initially, and stayed relatively constant with the polymer solution loading higher than 
21 µL. Similarly, as shown in figure 4.4 (B), the oxidation and reduction peak 
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Figure.4.4 Effect of redox polymer and enzyme solution loading on the 
electrochemical performance of electrodes. (A) CV curves for SWNTs film modified 
FcMe2-C3-LPEI /GOX electrodes with different redox hydrogel solution loading in 
sodium phosphate buffer. T=25℃; (B) the relationship between the polymer solution 






Figure.4.5 Glucose calibration curves for SWNTs(7,6) incorporated FcMe2-C3-LPEI 
/GOX based electrodes with different redox hydrogel loading. T=25℃, E=0.4 V vs 
SCE; 
 
The effects of polymer solution loading on the enzymatic response of 
electrode to glucose are shown in figure 4.5.  Similar to the CV results in figure 4.4, 
as the redox polymer solution loading increased, the glucose response of electrodes 
enhanced initially, and reached plateau with the polymer loading higher than 15 µL. 
Electrodes with 21 µL polymer loading exhibited the highest limiting current density 
output of 11.2 mA/cm
2 
at glucose saturating concentration, which is 17.6 fold higher 
than electrodes without SWNTs. The current density achieved in this study was 
among the highest value of nanostructured glucose electrodes reported, such as using 
CdS nanoparticles
190
, gold nanoparticles modified Pb nanowires
191





. Meanwhile, there were 6.12 fold increase in sensitivity 
at low glucose concentration (5mM), reaching 260 µA/(cm
2
·mM). The apparent 
Michaelis-Menten constant (Km) for electrodes with 21 µL polymer solution was 22 
mM, which is lower than  that of the native enzyme in solution phase (33 mM)
193
. The 
smaller value of Km indicated that with the modification of SWNTs film on GCEs, 
glucose oxidase enzyme in our system has higher affinity for glucose than the native 
enzyme. However, comparing with electrodes without SWNTs, there was a 2.1 fold 
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increase in Km, which might due to the increased mass transfer resistance with higher 
polymer loading, inhibiting glucose diffusion to the enzyme active sites.  
The detailed reason why the electrochemical and enzyme response increased 
initially with the increase of polymer solution loading, then became saturated is 
unknown, and under investigation. The possible explanation is that the modification 
of GCE with SWNTs(7,6) film created high surface 3D network for redox hydrogel-
enzyme film. Initially, increasing polymer solution loading allows for more enzyme 
or polymer active center to be electrically contacted with electrode surface by SWNTs 
network within the electron transfer distance.  When redox polymer and enzyme film 
loading reached a certain threshold, some of the redox polymer and enzyme active 
sites on the outer edge of the polymer hydrogel film are beyond the electron transfer 
distance from the electrode surface. Electrons from these active centers cannot diffuse 
to electrode surface within the timeframe of experiment, hence making no 
contribution to current generation. Therefore, further increasing the redox polymer 
and enzyme loading did not improve the electrochemical and enzymatic performance 
of electrodes.  
 
Figure 4.6 Effect of SWNTs(7,6) film on the enzymatic stability of FcMe2-C3-LPEI 
/GOX electrodes. Cross-linked films of GOX and FcMe2-C3-LPEI films without and 
with 30 µg SWNTs films were operated continuously in sodium phosphate at pH 7 
and 10 mM glucose. E= 0.4V, T=25 ℃ 
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Stability tests were performed to determine the effect of incorporating 
SWNTs(7,6) film and increasing polymer loading on the enzymatic stability of 
FcMe2-C3-LPEI /GOX electrodes. Figure 4.6 shows continuous operation stability 
tests for electrodes without SWNTs and electrodes with 30 µg SWNTs film and 21µL 
polymer loaded. After 12 hours of continuous operation, film without SWNTs 
retained 68% of their original current, while films with SWNTs(7,6) film retained 
78%. This result suggested that incorporation of SWNTs(7,6) film into electrodes, 
along with high polymer loading, increased the enzymatic stability of the films, which 
is in consistence with previous reports. According to recent studies
194, 195
, because of 
the curvature of SWNTs, SWNTs can stabilize the enzyme activity to a greater extent 
than conventional flat supports by suppressing unfavorable protein-protein lateral 
interactions. Thus, in this study, the possible explanation is that the high surface 
SWNTs 3D network on GCE allows the adsorption of glucose oxidase to the top of 
nanotube surface, increasing enzymatic stability. 
SWNTs (7,6) film modified Cl-Fc-LPEI/Laccase cathode electrode 
Multicopper oxidases such as laccase or bilirubin oxidase are widely used for 
the bioelectrocatalytic reduction of dioxygen in biofuel cell cathodes. To investigate 
whether modification of electrodes with SWNTs(7,6) film can improve the 
performance of redox polymer mediated laccase based cathode, we prepared SWNTs 
(7,6) film modified Cl-Fc-LPEI/Laccase cathode electrode. Figure 4.7 shows the CVs 
of Cl-Fc-LPEI/Laccase electrodes without and with SWNTs (7,6) film. Similar to the 
results in Figure 4.4 (A), the incorporation of SWNTs(7,6) film into cathode electrode 
led to dramatic increase in the peak current (15 folds), as well as the broadening of 

















Figure 4.7 Effect of incorporating SWNTs films on the electrochemical and 
enzymatic response of Cl-Fc-LPEI/Laccase cathode electrodes.  (A) Cyclic 
voltammetry of cross-linked Cl-Fc-LPEI/Laccase cathode electrodes with and without 
SWNTs film, scan rate = 50 mV/s.  (B) Calibration curve of Cl-Fc-LPEI/Laccase 
cathode electrodes with and without SWNTs film. (C) Enzymatic stability of Cl-Fc-





The corresponding enzymatic response of the prepared Cl-Fc-LPEI/Laccase 
electrodes with and without SWNTs film is shown in figure 4.7(B). Electrodes 
without SWNTs film exhibited low oxygen response, with a current density of around 
120 µA/cm
2
 at oxygen saturating condition. The incorporation of SWNTs(7,6) film 
into Cl-Fc-LPEI/Laccase electrodes resulted in ~ 5-fold increase in O2 response, 
reaching 605 µA/cm
2
. However, compared with the results in Figure 4.7(A), with the 
incorporation of nanotube film, the increase in the enzymatic response of electrode 
was not as significant as electrochemical performance, suggesting that the current 





either SWNTs film or redox polymer limited the current output of electrodes, not the 
electron transfer in the redox polymer matrix.  
The enzymatic stability of electrodes without and with incorporation of 
nanotube films was evaluated, as shown in figure 4.7(C). Similar to the results in 
figure 4.6, the incorporation of SWNTs film into electrodes improved the enzymatic 
stability of electrodes significantly. Electrodes with nanotube film retained 65% of 
their original current, while only 24% of original current was retained for Cl-Fc-
LPEI/Laccase films without SWNTs(7,6) film. In conclusion, the modification of bare 
GCEs electrodes with a high surface area SWNTs (7,6) network is applicable to 
construct various redox polymer and enzyme based electrodes with improved 
electrochemical and enzymatic output and longer lifespan. 
Glucose/O2 biofuel cell 
 
Figure 4.8 Polarization curves of FcMe2-C3-LPEI /GOX anode and Cl-Fc-
LPEI/Laccase cathode without (A) and with SWNTs film (B).  Stirred solution under 




From the above results, the incorporation of SWNTs film led to significant 
increase in the current density output of FcMe2-C3-LPEI mediated GOx electrodes 
and Cl-Fc-LPEI mediated laccase electrodes, as well as their enzymatic stability. In 




increase the power density output and stability of biofuel cells, we constructed a one-
chamber biofuel cells consisting of FcMe2-C3-LPEI / GOx anode and Cl-Fc-
LPEI/laccase cathode without and with SWNTs films.  
Figure 4.8 shows the polarization curves for anode and cathode without (A) 
and with SWNTs film (B). For electrodes without SWNTs film, the catalytic electro-
oxidation current of glucose appeared at 0 V and reached  maximum at 0.21 V.  The 
catalytic electroreduction current of oxygen occurred at 0.49 V and maximized at 0.27 
V. Comparing the midpoints of anodic polarization curve with the midpoint of 
cathodic polarization curve, the cell voltage of biofuel cell without SWNTs was 0.23 





, respectively. Since the current density of cathode was much lower 
than that of anode, the cathode reaction is the rate-determining factor of the maximum 
possible power output of biofuel cell. Figure 4.8 (B) shows the polarization curve for 
anode and cathode electrode with SWNTs film. Compared with the results of biofuel 
cell in Figure 4.8 (A), the incorporation of SWNTs increased the current density 
output of anode and cathode significantly. The current density of SWNTs film 
incorporated the FcMe2-C3-LPEI /GOx anode was 4377 µA/cm
2
, which was around 
8.7 times higher than electrodes without SWNTs film. Besides, the current density of 
Cl-Fc-LPEI/Laccase electrode with SWNTs film increased to 821 µA/cm
2
. The cell 
voltage estimated from the polarization curves of biofuel cell with SWNTs was 










Figure 4.9 Effect of incorporating SWNTs on the performance of biofuel cell 
performance. A (C) and B (D) are the polarization and dependence of the biofuel cell 
without SWNTs and with SWNTs power density on cell voltage at 25
 o
C (at 37 
o
C), 
repectively. Bioanode and cathode films cast on a 3 mm GC electrodes. Stirred 
solution under air-saturating conditions, citric acid, pH 5.5, 60 mM glucose. 
 
Figure 4.9 (A) and (C) shows the polarization of biofuel cells without or with 




C. The corresponding dependence of the cell power 
densities on voltage at different temperature is in Figure 4.9 (B) and (D), and a 
summary of data from these biofuel cells is provided in Table 4.1. At 25
 o
C, 
comparing with biofuel cell without SWNTs film, the incorporation of SWNTs into 
biofuel cell resulted in 6.72 fold increase in the maximum current density output  (760 
µA/cm
2
) and 8.03 fold increase in the maximum power density output ( 233 µw/ cm
2
). 
Meanwhile, the incorporation of SWNTs film into biofuel cell shifted both of the 
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open-circuit voltage (OCVs) and cell voltage to higher value. The increase of cell 
voltage for biofuel cell with the incorporation of SWNTs was in consistence with the 
estimated value from the polarization curves in Figure 4.8(B). As expected, biofuel 
cell with and without SWNTs film exhibited higher current density and power density 
output at the optimal temperature (37
 o
C)  for enzyme activity than as well as the 
OCVs value.  The maximum current density and power density of biofuel cell with 
the modification of nanotube film were 1110 µA/cm
2





respectively, which are 1.46 fold and 1.45 fold higher than the performance of biofuel 
cells tested at room temperature. There was no obvious change in cell voltage tested 
under different temperatures, indicating that the increase in the power density output 
of biofuel cell was due to the significant increase in the current density of biofuel cell. 

















































Figure 4.10 Biofuel cell stability. Biofuel cell with and without SWNTs were 
continuously operated at maximum power for 12 h at 25
 o
C. Citric acid buffer (0.05 
M), pH 5.5, 60mM glucose, air saturating conditions, stirring. 
 
Figure 4.10 shows the stability of the stationary biofuel cells without and with 
modification of SWNTs films at room temperature. After continuous operation at 
maximum power for 12 hours, the biofuel cell without SWNTs retained 33% of its 
original power density, while cell with SWNTs film retained 67% of its original 
power density, indicating that the modification of carbon nanotube film significantly 
improved cell stability. Taking the stability results of anode and cathode in Figure 4.6 
and Figure 4.7(C) into consideration, since anode electrodes retained higher 
percentage of its original current density than cathode electrodes after operating for 
the same duration, we suspect that the limiting factor for the biofuel cell stability is 
the cathode electrodes. In all, it can be conclude that the incorporation of single wall 
carbon nanotube network into redox polymer mediated enzymatic biofuel cell led to 
more stable biofuel cell with higher current density and power density output.  
CONCLUSIONS 
In this study, we investigated the effect of incorporating single carbon 
nanotubes with different chirality on the electrochemical and enzymatic performance 
89 
 
of high surface carbon nanotube film modified redox polymer/glucose oxidase 
electrodes. We demonstrated that the chirality of carbon nanotube was an important 
factor affecting the electrochemical and enzymatic performance of redox hydrogel 
film. Redox hydrogel- enzyme electrodes with the incorporation of SWNTs(7,6) film 
showed higher glucose response (3326 uA/cm
2
) than those with SWNTs(6,5) film .  
We also observed that the nanotube film loading played an important role in 
determining the electrochemical and enzymatic output of electrodes. Electrodes with 
the SWNTs film loading of 30 µg showed the highest current density output at the 
glucose saturating concentration(5556 µA/cm
2
). Furthermore, the redox polymer and 
enzyme hydrogel loading also affected the electrochemical and enzymatic 
performance of electrodes significantly. Electrodes with higher redox polymer 
hydrogel loading showed the highest limiting current density output of 11.2 mA/cm
2 
at glucose saturating concentration, which was among the highest value reported for 
glucose electrodes with the incorporation of carbon nanotube. Moreover, our results 
showed improved enzymatic stability of glucose electrodes with the incorporation of 
nanotube film and higher redox polymer hydrogel loading. Similarly, the 
incorporation of SWNTs film into ferrocene redox polymer mediated laccase cathode 
electrodes led to obvious improvement of current density output and prolonged 
enzyme stability. Lastly, the effect of incorporating nanotube network on the 
performance of biofuel cell consisting of FcMe2-C3-LPEI / GOx anode and Cl-Fc-
LPEI/laccase cathode without and with SWNTs films was evaluated. Our results 
showed that compared with cell without SWNTs, the incorporation of nanotube film 
into biofuel cell resulted in 8.03 fold increase in the maximum power density output 








C.  Biofuel cells stability also 
improved. In conclusion, the incorporation of high surface SWNTs(7,6) film into 
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electrodes provides a clue to construct a wide range of enzymatic biosensor electrodes 
with high current density output and long lifespan, as well as biofuel cell with high 
power density output. 
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Chapter 5:  
Effect of SWNTs(7,6) Incorporating Methods on the Ferrocene-
modified Linear Poly(ethylenimine) Hydrogel film for Biofuel Cell 
INTRODUCTION 
Nowadays, enzymatic biofuel cells (EBFCs) are drawing noticeable attention 
due to their potential application as alternative energy source for implantable 
electronic devices and portable electronics
1, 3
. EBFCs represent a new energy-
conversion technology using renewable biocatalysts (enzymes) to oxidize/reduce 
substrates, and operate under mild conditions (25-40 
o
C, and near neutral pH). The 
specificity of immobilized enzymes in biofuel cells eliminates the need of a 
membrane to separate the anode and cathode, allowing construction of 
compartmentless and miniaturized biofuel cells. In addition, without membrane 
separation, oxidants and fuels from the surrounding environment, such as vegetal and 
body fluids, can be used by EBFCs. However, there are some obstacles limiting the 
practical implantation of EBFCs into mammals, including relatively low power 
density (in the range of µW/cm
2
), a short lifetime due to the instability of enzymes, 
and inefficient electron communication. Various strategies have been introduced to 
address these problems, including using enzyme cascades,
13, 196
 applying redox 
mediators 
16, 56
and incorporating nanomaterials 
9, 197
into biofuel cells.   
Recently, semiconducting carbon nanotubes (CNTs) have been recognized as 
a very promising materials for the construction of high performing biosensors and 
biofuel cells, due to their excellent electrical conductivity and unique structural 
properties
6, 7, 27, 28
. Previously, we reported that incorporation of semi-conductive 
single wall carbon (SWNTs (6,5)) nanotubes into redox polymer hydrogel films either 
by directly mixing SWNTs into redox hydrogel film, or creating a high surface 
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SWNTs network led to a significant increase in the electrochemical and enzymatic 
performance of redox polymer/enzyme hydrogel film with glucose electro-oxidation 




. In this study, in order to taking full advantage of 
the two nanotube incorporation methods mentioned above, a novel method was 
developed by casting nanotube incorporated redox polymer and enzyme hydrogel film 
on top of high surface area nanotube film modified glassy carbon electrodes. The 
effect of incorporating single wall carbon nanotubes SWNs(7,6) on the 
electrochemical and enzymatic performance of FcMe2-C3-LPEI mediated glucose 
electrode and whether this method could be applicable to improve other enzyme based 
electrodes like laccase and fructose dehydrogenase (FDH), were investigated. Further, 
the effect of incorporating SWNTs (7,6) into redox polymer mediated enzymatic 
anode and cathode on the power density output and stability of biofuel cell were 
evaluated.  
EXPERIMENTAL SECTION 
Chemicals and solutions 
Glucose oxidase from Aspergillus niger (EC 1.1.3.4, type X-S, 204.1 units/mg 
of solid), laccase from Trametes versicolor were purchased from Sigma Aldrich. 
Fructose dehydrogenase from Gluconobacter sp. (EC 1.1.99.11, grade III, 100 
units/mg of solid) was purchased from TOYOBO. Triton X-100 was purchased from 
EM Science. Ethylene glycol diglycidyl ether (EGDGE) was purchased from 
Polysciences, Warrington, PA. All chemicals and solvents were used as received 
without further purification. FcMe2-C3-LPEI redox polymer and Cl-Fc-LPEI redox 
polymer were kindly provided by Dr.Glatzhofer’s lab, and synthesized by David 
Hickey and Nick Godman in Glatzhofer lab, respectively 
186, 187
. 50 mM phosphate 
buffer solution (pH=7) was prepared by dissolving 6g of NaH2PO4 in 1 L of nanopure 
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deionized water. 2M glucose solution was prepared in water 24 h before use and 
refrigerated at 4°C when not in use. Single-wall carbon nanotube (7,6) were 
purchased from South West Nanotechnologies. Nanotubes suspensions (3 mg/ml) 
were prepared by sonicating 9 mg nanotube in 3 ml of 5 g/L Triton X-100 aqueous 
solutions with a horn sonic dismembrator (Model 500, Fisher Scientific) running at 
22% output for 1 hour.  
Enzyme electrode construction 
Glassy carbon electrodes (3 mm diameter stationary disk) were polished 
successively on three grades of alumina (5, 1, 0.3μm), and washed thoroughly with 
nanopure water after each polishing step.  
Anodic enzyme electrodes: 
Solutions of FcMe2-C3-LPEI were prepared by dissolving in water while 
adding 0.1 M HCl solution until the final concentration of the polymer solution was 
10 mg/mL and pH was 5 (for glucose electrodes) or 4.2 (for fructose electrodes). The 
schematics of preparing electrodes with the incorporation of nanotube by two 
different strategies (type A and type B) are shown in Figure 5.1.  
Control Anode electrodes 
Electrodes without SWNTs were made by mixing the following solutions:  14 
µL of FcMe2-C3-LPEI polymer solution (10 mg/mL in water), 6 µL of GOX (10 
mg/mL) or FDH solution (60 mg/mL) and 0.75µL of EGDGE crosslinker solution. A 
3 µL of mixture solution was then deposited onto the glassy carbon electrode surface 
and allowed to dry for at least 12 hours at room temperature.  
Type A anode electrodes 
First, 10µl of a SWNTs dispersion was cast on top of a polished glassy carbon 
electrode and allowed to dry overnight at room temperature to form a SWNTs film 
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modified GCE. Next, redox hydrogels were made from mixing 14 µL of FcMe2-C3-
LPEI polymer solution (10 mg/mL in water), 6 µL of GOX (10 mg/mL) or FDH 
solution (60 mg/mL) and 0.75µL of EGDGE crosslinker solution. Finally, 21µL of 
the redox hydrogel mixture was then deposited on top of a SWNTs film coated GCEs  
and allowed to dry for at least 12 h. 
Type B anode electrodes 
Similar to type A electrodes, the first step in type B electrodes was to form 
SWNTs network on the GCEs. Then, a redox hydrogel film was made by mixing 14 
µL of FcMe2-C3-LPEI polymer solution (10 mg/mL in water), 3 µL of GOX (20 
mg/mL) or FDH solution (120 mg/mL), 3 µL of nanotube suspension (27.6 mg/ml) 
and 0.75µL of EGDGE crosslinker solution. Finally, 21µL of the redox hydrogel-
SWNTs mixture was deposited on top of a SWNTs coated GCEs and allowed to dry 
for at least 12 h.  
 
Figure 5.1 Schematic of the construction of redox polymer hydrogel film with the 
incorporation of SWNTs by different method: two layer method (procedure A) and 
mixing/two layer method (Procedure B) 
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Cathodic enzyme electrodes:  
A 12 mg/ml Cl-Fc-LPEI polymer solution was prepared by dissolving Cl-Fc-
LPEI polymer in water. Similar to the anodic electrodes we applied the methods 
shown in Figure 5.1 to prepare control electrodes, type A and type B cathodic 
electrodes. Control electrodes were prepared by mixing 4 µL of Cl-Fc-LPEI polymer 
solution, 6 µL of 35 mg/ml Laccase and 0.75 µL of EGDGE (adding 10 µL of 
crosslinker into 45 µl of H2O)), and then depositing 3 µl of this mixture onto bare 
GCEs. Type A cathode electrodes were prepared by casting 21 µL of the redox 
polymer-enzyme solution using the same volume ratio of redox polymer, enzyme and 
crosslinker as in control cathode electrodes onto SWNTs film modified GCEs. Type 
B cathodic electrodes with the incorporation of SWNTs were prepared by mixing 14 
µL of 12 mg/ml Cl-Fc-LPEI, 3 µL of 70 mg/ml Laccase, 3 µL of nanotube suspension 
(27.6 mg/ml) and 0.75 µL of EGDGE (adding 10 µL of crosslinker into 45 µl of H2O) 
together, then casting 21 µL of the mixture solution onto SWNTs film modified 
glassy carbon electrode surface. All electrodes are allowed to dry overnight.  
Electrochemical and Spectroscopic Measurement 
Cyclic voltammetry and constant potential tests were performed with a CH 
Instruments model 832 bipotentiostatin using a three-electrode cell configuration with 
platinum wire as counter electrodes and saturated calomel electrodes as reference 
electrodes. The background electrolyte was 50 mM phosphate buffer solution (pH 7) 
for glucose electrodes or Mcilvaine buffer (pH=5) for fructose electrodes. The 
temperature was maintained at 25±1°C with a water-jacketed electrochemical cell. 
The calibration curve was measured by adding aliquots of a stock 2 M substrate 
solution (glucose or fructose) to a well-stirred cell with the working electrode poised 
at 50 mV higher than oxidation peak potential. Biofuel cells were assembled by 
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placing one anodic enzyme electrode and one cathodic enzyme electrode into a one-
compartment electrochemical cell filled with citric buffer (pH 5.5) and 60 mM 
glucose or with Mcilvaine buffer pH 5.5 and 60 mM fructose.  
Calculation and Statistics 
Current densities were calculated using the geometric surface area of a 3-mm-
diameter electrode. Values are presented as mean ± standard error of the mean (SEM) 
unless otherwise specified. 
RESULTS AND DISCUSSION 
Effect of SWNTs incorporating methods on the performance of FcMe2-C3-
LPEI/GOX electrodes 
Previously, we have demonstrated that the incorporation of semi-conducting 
SWNTs into linear polyethylenimine (Fc-C6-LPEI) /glucose oxidase hydrogel film led 
to 4-5 fold increase in the redox peak currents in cyclic voltammetry, and 5 folds 
increase in enzymatic response
27
. We also demonstrated that modifying the surface of 
glassy carbon electrodes with a network of SWNTs prior to coating of a redox 
polymer hydrogel film led to significant increase in enzymatic response to glucose, 
reaching a current density of ~1.7–2.1 mA/cm
2 24
. In order to take advantage of these 
two methods mentioned above, a novel method, type B method as shown in Figure 
5.1, was developed by incorporating SWNTs into cross-linked redox polymer/enzyme 
hydrogel film on SWNTs-network modified GCEs. The effect of different 
SWNTs(7,6) incorporating methods on the electrochemical and enzymatic 
performance of FcMe2-C3-LPEI/GOx electrodes was investigated by cyclic 




Figure.5.2 Cyclic voltammograms (A) and Glucose response (B) of GCE with redox 
polymer/enzyme film alone (control), type A electrodes, and type B electrodes. Scan 
rate=50 mV/s in 50 mM sodium phosphate (pH=7) at 25℃ 
 Figure 5.2(A) shows the CVs of bare glassy carbon electrodes with FcMe2-
C3-LPEI/GOx hydrogel film (control), SWNTs film modified GCEs with FcMe2-C3-
LPEI/GOx film (type A electrodes), and SWNTs film modified GCEs with FcMe2-C3-
LPEI/GOx/ SWNTs film (type B electrodes) in sodium phosphate buffer. For control 
electrodes without SWNTs, a pair of well-defined redox peaks corresponding to the 
oxidation and reduction of the redox polymer’s methylated ferrocene complexes was 
observed at 244 and 116 mV versus SCE, respectively (△E control=108 mV). 
Compared with control electrodes, both type A and type B electrodes showed  
significant increase in their oxidation and reduction peak currents, as well as 
background currents. The increase of background current with the presence of 
nanotube is consistent with our previous reports and others
198, 199
, due to increased 
electrode area undergoing double layer charging and background reaction from the 
high surface of SWNTs. The oxidation peak currents of type A electrodes and type B 
electrodes were 19.5 fold and 24 fold higher than control electrodes, suggesting that 
the incorporation of SWNTs by both methods made more redox polymer active sites 
electrochemically accessible. Moreover, compared with type A electrodes, type B 


























































the incorporation of SWNTs into FcMe2-C3-LPEI/GOx electrodes by both type A and 
type B method shifted the oxidation and reduction peak potential, resulting in a large 
potential peak separation (△E type A =609 mV, △E type B =536 mV), which is consistent 
with our previous reports 
27
and most likely due to the ability of carbon nanotubes to 
donate/ accept electrons (i) at the glassy carbon interface, (ii) junctions between 
interconnected SWNTs or (iii) ferrocene redox. Meanwhile, the presence of SWNTs 
broadened the oxidation and reduction peak of type A and type B electrodes, in 
contrast to the well-defined peaks in control electrodes.   
To determine the effect of different SWNTs incorporation methods on 
enzymatic response of FcMe2-C3-LPEI/GOX electrodes to glucose and evaluate its 
potential application as anode in the biofuel cell, constant potential amperometry was 
performed by poising the electrodes at 50mV higher than the oxidation peak potential, 
and measure the current output as a function of glucose concentration in well-stirred 
buffer solution. As shown in figure 5.2 (B), all electrodes displayed Michaelis-
Menten-type behavior. The Michaelis constant value (Km) of control electrodes, type 
A, and type B electrodes were 13.5 mM, 25 mM and 21 mM, respectively. The 
increased Km value with the incorporation of SWNTs into redox hydrogel electrodes 
may be the result of increasing mass transfer resistance.  
Incorporation of nanotubes into FcMe2-C3-LPEI/GOX electrodes by type A 
and type B methods led to 13.7 fold and 16.5 fold increase in the maximum current 
density output under saturating glucose concentration, reaching 9.81 and 11.8 
mA/cm
2
, respectively.  To date, the high current density of type B electrodes in this 
study is among the highest reported current densities for single enzyme mediated 
bioelectrodes constructed on glassy carbon electrodes. The above results suggest that 
the method to incorporate carbon nanotube has critical influence in determining the 
99 
 
electrochemical and enzymatic performance of electrodes. In order to obtain high 
performing enzymatic biofuel cell, type B method was chosen to prepare the anode 
































Anode no SWNTs at 25 oC
Anode with SWNTs at 25 oC
Anode no SWNTs at 37oC
Anode with SWNTs at 37 oC
 
Figure 5.3 Glucose calibration curves of control electrodes (▲) and Type B 
electrodes (■) at 25◦C (No fill) and 37◦C (Solid filled). Sodium phosphate buffer, pH 
7, E= 0.3V (FcMe2-C3-LPEI/GOX without SWNTs) or 0.55 V (FcMe2-C3-
LPEI/GOX with SWNTs). 
 
In order to evaluate the performance of the FcMe2-C3-LPEI/GOX type B 
electrodes at physiological temperature for its potential application as anode of 
enzymatic biofuel cell, we measured the glucose response of FcMe2-C3-LPEI/GOX 
electrode without SWNTs and type B electrodes at 37◦C. As shown in Figure 
5.3,increasing temperature from 25◦C to 37 ◦C resulted in an obvious increase in 
current density, with a limiting current density of 1940 µA/cm
2
 for electrodes without 
SWNTs, and 16.2 mA/cm
2
 for SWNTs incorporated electrodes. The high current 
density output of FcMe2-C3-LPEI/GOX electrodes with incorporation of SWNTs at 
both temperatures suggest the possibility of using these electrodes as anode in a 
biofuel cell producing high current and power densities, when coupled with proper 
bio-cathode with good electrochemical efficiency and high voltage.  Meanwhile, the 
high current density achieved in this study provides the potential of constructing 











































Figure 5.4 Enzymatic stabilities of FcMe2-C3-LPEI /GOX electrodes without and with 
SWNTs (type B electrodes). Cross-linked films of GOX and FcMe2-C3-LPEI films 
without and with SWNTs were operated continuously in sodium phosphate at pH 7 
and 10 mM glucose,  E= 0.3V (FcMe2-C3-LPEI/GOX without SWNTs) or 0.55 V 
(FcMe2-C3-LPEI/GOX with SWNTs), T=25 ℃ 
 
Stability tests were performed to determine the effect of incorporating 
SWNTs(7,6) on the enzymatic stability of FcMe2-C3-LPEI/GOX electrodes. Figure 5.4 
shows continuous operation stability tests for electrodes without SWNTs and 
electrodes with SWNTs. After 12 hours of continuous operation, films without 
SWNTs retained 68% of their original current density, while electrode with 
SWNTs(7,6) retained 90% of their initial current density, suggesting that 
incorporation of SWNTs(7,6) into electrodes improved the enzymatic stability of 
electrodes significantly. According to recent studies
194, 200, 201
, smaller nanoparticles 
with high surface curvature promoted the retention of protein structure and function, 
as well as protein stability. Asuri et al. reported the ability of SWNTs to stabilize 
protein activity to a greater extent than conventional flat supports. He also suggested 
that lateral interactions between adjacent adsorbed proteins, causing protein 
deactivation, were suppressed on highly curved SWNTs relative to those on flat 
surfaces
194
. Therefore, in this study, we hypothesize that the inherent property of 
SWNTs incorporated in FcMe2-C3-LPEI/GOX electrodes contributed to the increase 
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of enzymatic stability. The improvement in the enzymatic stability of FcMe2-C3-
LPEI/GOX electrodes prepared by type B method was favorable for the construction 
of enzymatic biofuel cell with long span life. 














Figure 5.5 (A) Effect of incorporating SWNTs(7,6) on cyclic voltammetry curves of 
Cl-Fc-LPEI/Laccase electrodes without and with SWNTs.  scan rate: 50 mv/s, in citric 
acid pH 5.5 at 25℃. (B) Glucose calibration curves of electrodes without and with 
SWNTs at 25◦C. citric acid buffer, pH 5.5, E= 0.29V (Cl-Fc-LPEI/Laccase without 
SWNTs) or 0.23 V (Cl-Fc-LPEI/Laccase with SWNTs). (C) Enzymatic stability of 





As a common biocatalyst applied to construct biofuel cell cathode, laccase can 
efficiently catalyze the reduction of molecular oxygen to water in either direct 
electron transfer mode or mediated electrode transfer mode. In this study, we use a Cl-
Fc-LPEI redox polymer to prepare mediated laccase electrodes as cathode in the 




































































































method could improve the electrochemical and enzymatic performance of laccase 
electrodes, we prepared Cl-Fc-LPEI/Laccase electrodes without and with the 
incorporation of SWNTs. Figure 5.5(A) shows the CVs of Cl-Fc-LPEI/Laccase 
electrodes without and with the incorporation of SWNTs (7,6). Similar to 
aforementioned results in Figure 5.2 (A), the incorporation of SWNTs into cathode 
electrode led to a 15-fold increase in the oxidation and reduction peak current, as well 
as a large background current. The corresponding enzymatic response of the prepared 
Cl-Fc-LPEI/Laccase electrodes is shown in Figure 5.5(B). Compared with electrodes 
without SWNTs film, the incorporation of SWNTs into electrodes resulted in a 11.8- 
fold increase in oxygen response, reaching a current density of 1455.4 µA/cm
2
. Figure 
5.5(C) shows continuous operation stability tests for Cl-Fc-LPEI/Laccase electrodes 
without SWNTs and with SWNTs. After 12 hours continuous operation, film without 
SWNTs retained 24.3% of their original current density, while electrode with 
SWNTs(7,6) retained 83.2%, indicating that the incorporation of SWNTs into Cl-Fc-
LPEI/Laccase electrodes improved the enzymatic stability significantly. From the 
above results, it can be concluded that incorporation of SWNTs into enzymatic 
electrodes by type B method is applicable to construct various enzyme and redox 
polymer based electrodes with high electrochemical and enzymatic performance 
output and good stability. 
Glucose /O2 biofuel cell 
To determine the influence of incorporating SWNTs into redox polymer-
enzyme coated cathodes and anodes on the performance of biofuel cell, we 
constructed compartment-less biofuel cells consisted of a FcMe2-C3-LPEI / GOx 
anode and a Cl-Fc-LPEI/laccase cathode both without and with the incorporation of 
SWNTs. Figure 5.6 shows the polarization curves for anodes and cathodes without 
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(Fig. 5.6(A)) and with SWNTs film (Fig. 5.6(B)). For biofuel cell without SWNTs, 
the catalytic electro-oxidation current of glucose appeared at 0 V and reached a 
maximum of 505 µA/cm
2
 at 0.21 V, while the catalytic electro-reduction current of 
oxygen occurred at 0.49 V and reached a maximum of 110 µA/cm
2
 at 0.24 V. 
Comparing the midpoints of anodic polarization curve with their counterparts of 
cathodic polarization curve, the cell voltage of biofuel cell without SWNTs was 
calculated to be 250 mV at the maximum power. Compared to the polarization curve 
in Figure 5.6 (A), incorporation of SWNTs into the anode and cathode increased the 
current density ouput, and shifted the electro-oxidation and reduction potential. For 
anode with SWNTs, the catalytic electro-oxidation current of glucose appeared at 0 V 
and reached a maximum at 0.48 V, while the catalytic electroreduction current of 
oxygen occurred at 0.56 V and reached a maximum at 0.24 V. The cell voltage 
estimated from the polarization curves of biofuel cell with SWNTs was around 302 





, respectively, which are 29-fold and 12.4-fold higher than 
electrodes without SWNTs. Meanwhile, the current density output of the cathode was 
much lower than that of anode, indicating that in a biofuel cell with stationary 
electrodes of equivalent surface areas, it is the cathode that limits the maximum 
possible power output of biofuel cell. 
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Figure 5.6 Polarization curves of FcMe2-C3-LPEI /GOX anode and Cl-Fc-
LPEI/Laccase cathode without (A) and with SWNTs (B).  Stirred solution under air-





Figure 5.7 Effect of incorporating SWNTs on the performance of biofuel cell. A (C) 
and B (D) are the polarization and dependence of biofuel cell without and with 
SWNTs power density on cell voltage at 25
 o
C (at 37 
o
C), respectively. Bioanode and 
cathode films cast on a 3 mm GC electrodes. Stirred solution under air-saturating 
conditions, citric acid, pH 5.5, 60 mM glucose 
 
Figure 5.7(A) and (C) shows the polarization curve of biofuel cells using 
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C is also shown in Figure 5.7(B) and (D), and a summary of data from biofuel cell 
with and without SWNTs is provided in Table 5.1.  For biofuel cell without SWNTs 
film at 25
 o
C, the maximum current density was ~113 µA/cm
2
, the maximum power 
density was 30 µW/cm
2
 at cell voltage of 267 mV and the open-circuit voltage 
(OCVs) was estimated to be 430 mV. At room temperature, the incorporation of 
SWNTs into both the anode and cathode resulted in a 12.3-fold increase in the 
maximum current density, reaching 1390 µA/cm
2
, and 17-fold increase in the 
maximum power density output, to 510 µw/ cm
2
 at cell voltage of 350 mV. The 
biofuel cell with a SWNT film exhibited OCVs of 590 mV. Increasing the 
temperature from 25 
o
C to 37 
o
C resulted in increases of current density and power 
density output of biofuel cells both without and with SWNTs. The maximum current 
density and power density of biofuel cells with SWNTs were 2456 µA/cm
2
 and 802 
µW/cm
2
, respectively, which were 1.78-fold and 1.57-fold higher than at 25 
o
C.  
However, there was no obvious change in the open circuit potential and cell voltage.  
The power density output of nanostructured enzymatic biofuel cells in this study was 
the highest value for mediated enzymatic biofuel cells, higher than the power density 
of a recent report by Mano and coworkers using glucose oxidase as anode catalyst and 
bilirubin oxidase as cathode enzyme (740 µW/cm
2
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Biofuel cell without SWNTs
Biofuel cell with SWNTs
 
Figure 5.8  Biofuel cell stability. Biofuel cell with and without SWNTs were 
continuously operated at maximum power for 12 h at 25
 o
C. Citric acid buffer (0.05 
M), pH 5.5, 60mM glucose, air saturating conditions, stirring. 
 
Figure 5.8 shows the stability of the stationary biofuel cells without and with 
incorporation of SWNTs at room temperature. After continuous operation at 
maximum power for 12 hours, the biofuel cell without SWNTs retained 33% of its 
original power density, while cell with SWNTs film retained 86.3% of its original 
power density under the same conditions, indicating that the incorporation of carbon 
nanotube significantly improve the biofuel cell stability. In summary, it can be 
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concluded that the incorporation of single wall carbon nanotube into redox polymer 
mediated glucose/O2 enzymatic biofuel cell led to dramatic increase in the current 
density and power density output, also significantly improved biofuel cell stability.  
Fructose/O2 biofuel cell 
Figure.5.9 Cyclic voltammograms (A) and Fructose response (B) of FcMe2-C3-
LPEI/FDH electrodes without SWNTs and with SWNTs (type B electodes) . Scan 
rate=50 mV/s, Mcilvaine buffer (pH=5), 60 mM fructose. Inset in (A) is the CV 
curves of FcMe2-C3-LPEI/FDH electrodes without SWNTs 
 
In order to investigate whether the incorporation of SWNTs(7,6) can be 
applied to increase the current density output of  other enzymatic electrodes, we 
constructed FcMe2-C3-LPEI mediated fructose dehydrogenase (FDH) electrodes with 
the incorporation of SWNTs using type B method aforementioned.  The CV curves of 
FcMe2-C3-LPEI/FDH electrodes without and with SWNTs are shown in Figure 5.9 
(A). Incorporation of SWNTs into FcMe2-C3-LPEI/FDH showed similar effect to that 
of glucose electrodes in Figure 5.2 (A), leading to dramatic increase in the oxidation 
and reduction peak current, background current and large peak separation. Compared 
with electrodes without SWNTs, presence of SWNTs resulted in 60-fold increase in 
the oxidation peak current, reaching 1710 µA. The fructose responses of FcMe2-C3-
LPEI/FDH electrodes without and with SWNTs are shown in Figure 5.9(B). For 



































































. The incorporation of SWNTs into FcMe2-C3-LPEI/FDH 
electrodes by type B method showed a limiting current density of 6138 µA/cm
2
, 36-
fold higher than electrodes without SWNTs. The current density of fructose electrodes 
in this study is significantly higher than the current density output of direct electron 
transfer fructose electrodes of 4 mA/cm
2




























Figure 5.10  Biofuel cell Performance without SWNTs and with SWNTs. (A) and (B) 
are the polarization curves and dependence of biofuel cell without and with SWNTs 
power density on cell voltage at 25
 o
C (solid line) and at 37
 o
C (dot line), respectively. 
Bioanode and cathode films cast on a 3 mm GC electrodes. Stirred solution under air-
saturating conditions, Mcilvaine buffer (pH=5), 60 mM fructose. (C) Stability of 
biofuel cell with and without SWNTs. Biofuel Cells was continuously operated at 
maximum power for 24 h at 25 
o
C. Mcilvaine buffer (pH=5), 60mM fructose, air 
saturating conditions, stirring. 
 
The effect of incorporating SWNTs on the performance of Fructose/ O2 
biofuel cell was investigated by using FcMe2-C3-LPEI/ FDH electrodes as anode, and 
Cl-Fc-LPEI/Laccase electrodes aforementioned as cathode. The polarization curves 
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C3-LPEI/FDH anode and a Cl-Fc-LPEI/laccase cathode with or without SWNTs at 25
 
o
C are shown in Figure 5.10 (A) and Figure 5.10 (B).  For biofuel cell without 
SWNTs film, the maximum current density was ~72 µA/cm
2
, and the maximum 
power density was 15.5 µW/cm
2
 at cell voltage of 245 mV. Similar to the results of 
glucose/O2 biofuel cell, the incorporation of SWNTs into fructose/O2 biofuel cell 
resulted in a 19.4-fold increase in the maximum current density, reaching 1400 
µA/cm
2
, and a 29-fold increase in the maximum power density output, to 450 µW/ 
cm
2
 at cell voltage of 330 mV. For biofuel cell with SWNTs, increasing temperature 
from 25
 o
C to 37 
o
C did not lead to an increase in the current density and power 
density, suggesting that fructose/ O2 biofuel cell are not catalytically limited, in which 
case an increase in enzymatic activity should result in a proportional increase in 
current output. The stability of fructose/O2 biofuel cells without and with the 
incorporation of SWNTs at room temperature is shown in Figure 5.10(C). After 
continuous operation at maximum power for 24 hours, the biofuel cell without 
SWNTs retained 23% of its original power density, while cell with SWNTs film 
retained 66% of its original power density under the same conditions, indicating that 
the incorporation of carbon nanotube significantly improved the stability of 
fructose/O2 biofuel cells. From these results, the incorporation of SWNTs into 
enzymatic electrodes by type B method was applicable to construct various enzymatic 
biofuel cell with dramatically increase in the current density and power density 
output, as well as prolonged stability, providing a clue to design a wide range of high 
performing nanostructured enzymatic biofuel cell.   
CONCLUSIONS 
In this study, we demonstrated that the method of incorporating SWNTs into 
FcMe2-C-LPEI/GOx electrodes affected the electrochemical and enzymatic 
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performance of electrodes significantly. Incorporation of SWNTs by either type A 
method or type B method led to dramatic increase in enzymatic response to glucose, 
especially for type B method. Compared with control electrodes without SWNTs, 
incorporation of nanotube into electrodes by type B method resulted in a 24-fold 
increase in the oxidation peak current and a 16.5-fold increase in the maximum 







C, and 16.2 mA/cm
2
  at 37 
o
C, which was among the highest value reported  for 
glucose nanostructured electrodes. In addition our results indicated that the enzymatic 
stability of glucose electrodes improved significantly with the incorporation of 
nanotube. Meanwhile, the feasibility of using this method to improve the 
electrochemical and enzymatic performance of other enzymatic electrodes and 
enzymatic biofuel cell was investigated. Similar to aforementioned results of glucose 
electrodes, the incorporation of SWNTs into chloride modified ferrocene redox 
polymer mediated laccase cathode electrodes lead to a 11.8- fold increase of the 
response to oxygen, reaching a current density of 1455.4 µA/cm
2
 and much longer 
enzyme stability. Furthermore, the effect of incorporating nanotube on the 
performance of biofuel cell, consisting of FcMe2-C3-LPEI / GOx anode and Cl-Fc-
LPEI/laccase cathode, was evaluated. Our results showed that compared with biofuel 
cell without SWNTs, incorporation of nanotube into biofuel cell resulted in 12.3-fold 
increase in the maximum current density reaching 1390 µA/cm
2
, and a 17-fold 




C.  When 
increasing temperature from 25
 o
C to 37 
o
C,  biofuel cell with SWNTs exhibited a 
maximum current density of 2456 µA/cm
2
 and power density of 802 µW/cm
2
. The 
biofuel cells stability also improved dramatically. In addition, the feasibility of 
applying type B method to design other nanostructured enzymatic biofuel cell with 
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improved performance was investigated. The incorporation of SWNTs into anode and 
cathode electrodes of fructose/O2 biofuel cell showed similar improvement in the 
performance of biofuel cell. Incorporation of SWNTs into fructose/O2 biofuel cell 
resulted in a 19.4-fold increase in the maximum current density, reaching 1400 
µA/cm
2
, and a 29-fold increase in the maximum power density output of 450 µW/ 
cm
2
, as well as the improved stability of biofuel cell. In summary, the incorporation of 
SWNTs film into enzymatic electrodes or biofuel cell in this study provides a strategy 
to construct a wide range of enzymatic biosensor electrodes with high current density 
output and long lifespan, as well as high performing biofuel cell.  
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Vertically-aligned MWCNTs forest based ferrocene redox polymer 
for glucose sensing 
INTRODUCTION 
Enzyme-based electrodes are the core components of bioelectronics devices 
such as biosensors and enzymatic biofuel cells
10, 60, 202, 203
. How to achieve efficient 
electron commuting between the active sites of enzymes and electrodes surface is an 
active focus area of research for developing high performing bioelectronics devices
7, 
25, 204, 205
. Several strategies have been developed to establish electron communication 





, tethering redox relay units to protein linked 
to the electrodes,
57, 208
 reconstitution of apo-enzymes on a relay-cofactor unit 
associated with electrodes
209, 210
, or applying nanomaterials
24, 211
. Among these 
methods, introducing carbon nanotubes is a versatile and effective way for 
constructing enzymatic electrodes with high current density output, due to their 
excellent electrical conductivity and large surface area. 
Since the discovery of multiwall carbon nanotubes (MWCNTs) by lijima in 
1993
212
, extensive research has been done in designing nanostructured electrodes 
incorporated with carbon nanotubes for applications in electrochemical devices. Britto 
et al 
213
 first reported significant improvement in electrochemical performance of 
dopamine at MWCNTs electrodes using bromoform as a binder, and they suggested  
the superior property of carbon nanotube electrodes to other carbon based electrodes. 
Since then, several carbon nanotube based structures have been developed for 
biosensor and enzymatic biofuel cell applications, including carbon nanotube 
forests
84, 214









Vertically aligned carbon nanotubes arrays are of great interest as a promising 
material for the construction of nano- electrodes for biosensors. G.D. Withey et al
89
 
prepared highly ordered arrays of carbon nanotubes as a nanoelectrode interface to 
immobilize glucose oxidase. Their results showed that the covalent docking of 
glucose oxidase on the tips of carbon nanotubes enhanced the electron transfer 
properties. However, this procedure was relatively complicated, with nanotube 
etching in acid solution to create carboxyl groups to attach enzymes. The maximum 




Previously, we have reported that redox polymers based on coupling ferrocene 
to a linear poly(ethylenimine) (LPEI) backbone can efficiently wire the redox centers 
of glucose oxidase 
162, 163, 217
 to electrode surfaces, producing high current densities of 
~1 mA/cm
2
. We have also demonstrated that either (i) the direct incorporation of 
SWNTs into redox polymer-enzyme hydrogels
124, 125
, or (ii) or deposition of the redox 
polymer-enzyme hydrogel onto an electrode modified with a SWNT film
164
, also 
increases the signal output.  In this study, we investigate the feasibility of applying 
high surface area multi-wall carbon nanotube arrays as electrode platform to construct 
redox polymer mediated enzyme electrodes. The effect of applying Triton X-100 
surfactant on top of MWCNTs array to make array surface hydrophilic on the 
electrochemical and enzymatic performance of redox hydrogel film was also 
evaluated.  
EXPERIMENTAL SECTION 
Chemicals and solutions 
Glucose oxidase (GOx) from Aspergillus niger (EC 1.1.3.4, type X-S, 204.1 
units/mg of solid, 75% protein) was purchased from Sigma Aldrich. Triton X-100 was 
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purchased from EM Science. Ethylene glycol diglycidyl ether (EGDGE) was 
purchased from Polysciences, Warrington, PA. All chemicals and solvents were used 
as received without further purification. The redox polymer FcMe2-C3-LPEI was 
prepared as previously described. 
186
 Phosphate-buffered saline solution (PBS) pH 
7.4, was prepared in nanopure deionized water as previously described. Stock 
solutions of glucose (2M) were prepared in water and refrigerated at 4°C when not in 
use. A range of aqueous solutions of Triton X-100 were prepared by adding well-
defined volume of Triton X-100 into water. MWCNTs forest on silicon wafer was 
provided from Dr. Crossley's lab, and synthesized by Nicholas Briggs and Brandon 
Bonk in Crossley lab. 
Enzyme electrode construction 
Solutions of FcMe2-C3-LPEI were prepared by dissolving the polymer in 
water while adding 0.1 M HCl solution until the final concentration of the polymer 
solution was 10 mg/mL and pH was 5. The schematic of MWCNTs array electrodes is 
shown in Figure 6.1. The array electrode consists of three main parts colored 
differently: (i) the black area indicates coating with redox polymer and enzyme 
hydrogel film; (ii) the white area is coated with Paraffin wax layer; and (iii) the 
shaded area indicates the area electronic conduction between the MWCNTs and the 
copper wire via silver-paint epoxy. MWCNTs array working electrodes without 
Triton X-100 modification were prepared by depositing a redox hydrogels solution, 
made from mixing 14 µL of FcMe2-C3-LPEI polymer solution (10 mg/mL in water), 6 
µL of GOX solution (10 mg/mL), and 0.75µL of EGDGE crosslinker solution, on top 
of the white area of MWCNTs array, and allowed to dry for at least 12 hours. The 
amount of redox polymer and enzyme hydrogel mixture is calculated based on the 
area of electrodes. In order to increase the wettability of redox polymer and enzyme 
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hydrogel solution on MWCNTs array electrodes, the nonionic surfactant Triton X-100 
was applied to make the MWCNTs array surface hydrophilic. The amount of Triton 
X-100 deposited on top of MWCNTs electrode is estimated based on the area of 
electrodes.  Then the electrodes were allowed to dry for at least 12 h, before coating 







Figure 6.1 Schematic of MWCNTs array electrode. 
Electrochemical Measurement 
Electrochemical characterization (i.e. cyclic voltammetry and constant 
potential experiments) was performed in a three-electrode cell configuration (counter 
electrode = platinum wire, reference electrode = saturated calomel electrode, SCE) 
with a CH Instruments model 832 bipotentiostat. The temperature was maintained at 
25±1°C with a water-jacketed electrochemical cell unless specified otherwise.  
Cyclic voltammetry and constant potential tests were performed with a CH 
Instruments model 832 bipotentiostation using a three-electrode cell configuration, 
with platinum wire as counter electrodes and saturated calomel electrodes as reference 
electrodes. The background electrolyte was phosphate buffer saline (PBS), pH 7.4.. 
Glucose response was measured by adding aliquots of a stock 2 M glucose solution to 
a well-stirred cell with the MWCNTs array working electrode poised at 500 mV vs. 
SCE.  
Exposed MWCNT 
forest for redox 
polymer coating 
   
 
Paraffin wax layer 
Silver paste, copper 
wire, and epoxy layer 
116 
 
Characterization of MWCNTs forest 
The morphology and height of MWCNTs forest were characterized using a 
Zeis NEON 40 EsB scanning electronic microscope.  
Calculation and Statistics 
Current densities were calculated using the geometric surface area of white 
area in the MWCNTs array electrode. Values are presented as mean ± standard error 
of the mean (SEM) unless otherwise specified. 







Figure 6.2 (A) Cyclic voltammograms and glucose calibration curves (B) of GCEs 
and MWCNTs array electrodes modified with FcMe2-C3-LPEI and GOx hydrogel 
film. For CV test, scan rate=50 mV/s in PBS at 25C.  For glucose response, E=0.5 V 
vs. SCE 
 
The electrochemical performance of MWCNTs array based cross-linked redox 
polymer/enzyme hydrogel was investigated through cyclic voltammetry (CV). Figure 
6.2A shows the CVs of bare glassy carbon electrodes (GCEs) and MWCNTs array 
coated with FcMe2-C3-LPEI /GOx film in the phosphate buffered saline (PBS) buffer. 
For the GCEs modified with a FcMe2-C3-LPEI /GOx hydrogel film, a pair of well-






































































polymer’s ferrocene complexes was observed at 221 and 149 mV versus SCE, 
respectively (△E=27 mV).  
For MWNTs array electrodes, there were significant increase in both the redox 
peak current and background currents. Compared with GCEs with redox hydogel 
film, MWCNTs array based redox polymer/enzyme electrodes resulted in a 2.4-fold 
increase in the oxidation and reduction peak current. Interestingly, incorporation of 
MWCNTs shifted both oxidation and reduction peak potential (△E=760 mV), 
resulting in a much broader potential separation than GCEs (△E=27 mV). The 
phenomenon is characteristic of sluggish electron transfer kinetics, which might result 
from the fact that redox polymer and enzyme hydrogel solution did not spread over on 
the hydrophobic surface of MWCNTs array electrodes, thus creating increased 
diffusion resistance.  
To determine the effect of using high surface MWCNTs array on the 
performance of crosslinked redox polymer hydrogel film, we performed constant 
potential amperometry by poising the electrodes at 0.5 V vs SCE, and measuring the 
output current as 2M glucose solution was added into buffer solution. As shown in 
Figure 6.2(B), all GCEs and MWCNTs forest electrodes showed Michaelis-Menten 
behavior.  Surprisingly, the maximum current density (376 µA/cm
2
) of MWCNTs 
forest electrodes at glucose saturating concentration was 54% of GCEs (694 µA/cm
2
). 
Since MWCNTs array electrodes exhibited higher electrochemical performance than 
GCEs, this result suggests that the glucose response on MWCNTs array electrodes is 
not limited by the electron transfer through the redox polymer matrix to the electrode 
surface, but the electron transfer from enzyme active sites to redox polymer active 











To investigate whether the low glucose response of MWCNTs array electrodes 
is associated to the MWCNTs forest structure, we performed scanning microscope 
microscopy (SEM) under different magnifications. As shown in Figure 6.3(A), the 
MWCNTs forest consists of densely packed vertical oriented MWCNTs with height 
of around 20 um. An oily stain was observed on top of MWNTs forest, which due to 
the pyrolysis of ethylene (carbon source to make MWCNTs) during the growth of 
MWCNTs array. The presence of this oily layer on top of nanotube forest may inhibit 
electron communication between the active sites of enzyme and electrode surface, 
resulting in relatively low enzymatic response.  
To test this, the MWCNTs forest was burned under high temperature to 
remove the residue on top of the MWCNTs forest. The SEM images of burned 
MWCNTs forests with low and high magnification are shown in Figure 6.3(B) and 
(C), respectively. As shown in Figure 6.3(B), after burning, the residue at the top of 
MWCNTs forest was removed, and there was no obvious change or shortening in the 
height of nanotube forest. From Figure 6.3(C), the mean average diameter of 
multiwall carbon nanotube was 30 nm, and the nanotube on top of MWCNTs forest 
were not perfectly vertically aligned, but were bent and entangled, making the forest 
surface rough. Some porous structures were observed in the MWCNTs forest. 




Figure 6.3 Scanning microscope image (SEM) of vertically alligned MWCNT 
forest before (A) and after oil burn off (B). (C) Magnified SEM images of 
MWCNTs forest electrodes after burning. 




Figure 6.4 (A) Cyclic voltammograms and glucose calibration curves (B) of 
unburned and burned MWCNTs array electrodes modified with FcMe2-C3-LPEI and 
GOx hydrogel film. For CV test, scan rate=50 mV/s in PBS at 25C.  For glucose 
response, E=0.5 V vs. SCE 
In order to remove the oily residue and determine the effect of its presence on 
the electrochemical and enzymatic performance of MWCNTs forest electrodes with a 
FcMe2-C3-LPEI /GOx hydrogel film, we burned MWCNTs array and applied these 
electrodes to construct redox polymer-enzyme hydrogel electrodes. Figure 6.4(A) 
compared the CV curves of unburned and burned MWCNTs forest electrodes with 
FcMe2-C3-LPEI /GOx film. Burning did not result in significant change in the 
oxidation and reduction peak currents. The separation between oxidation and 
reduction peak decreased slightly, which may due to the change in the ability of 
carbon nanotubes to donate or accept electrons from the active sites of redox polymer 
to electrode surface. Burning at high temperature might also create oxygen-containing 
groups such as hydroxyl and carboxylic acid groups on the top or surface of nanotube 
forest, which may affect the electron transfer process.
20
    
The glucose response of unburned and burned MWCNTs array electrodes with 
FcMe2-C3-LPEI and GOx hydrogel film are shown in Figure 6.4(B). Compared with 
unburned electrodes, burning nanotube forest resulted in 1.97-fold increase in the 
maximum current density, reaching 741µA/cm
2
.  The increase in the maximum 
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oily residue. Besides, burned MWCNTs array electrodes exhibited a slightly higher 
maximum current density than GCEs, although the redox polymer hydrogel solution 
did not spread over the top surface of MWCNTs forest electrodes. Therefore, we then 
tested the possibility that improving the wettability of redox polymer hydrogel 
solution on MWCNTs forest electrodes would boost electrochemical and enzymatic 
performance of electrodes. 





Figure 6.5 Optical images of burned MWCNTs forest electrodes without (A) and 
with the modification of 1% Triton X-100 (B) with the addition of redox polymer 
hydrogel solution. (C) and (D) are optical images of burned MWCNTs forest without 
and with the modification of 1% Triton X-100, when the redox hydrogel get dried. 
 
Previously, we have demonstrated that modification of glassy carbon 
electrodes with high surface nanotube network by casing nanotube aqueous solution 
dispersed by Triton X-100, followed by redox polymer and enzyme hydrogel film, 
resulted in significant increase in the electrochemical and enzymatic performance of 
electrodes
24
. In order to improve the wettability of redox polymer hydrogel solution 
on MWCNTs forest, different concentrations of Triton X-100 aqueous solutions were 
applied to change the surface property of nanotube forest from hydrophobic to 
hydrophilic before the coating of redox polymer hydrogel film, the optical images of 
burned MWCNTs forest electrodes without and with the treatment of 1% Triton X-
100 solution when redox polymer hydrogel solution was added, are shown in Figure 
6.5 (A) and (B). From figure 6.5(A), the redox hydrogel solution did not spread over 
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the surface of MWCNTs forest because of high surface tension and resulted in a ring 
structure remaining on the surface of MWCNTs forest after air dry for 12 hours. For 
MWCNTs array electrodes treated with 1% Triton X-100(Figure 6.5(B)), the redox 
polymer hydrogel solution spread over the entire surface area quickly, due to reduced 
surface tension by surfactant. After drying in air for 12 hours, there is a uniform film 
of redox polymer hydrogel film formed on MWCNTs electrodes. Therefore, addition 
of surfactant solution facilitated even spreading of redox hydrogel solution on the 














Figure 6.6 (A) Cyclic voltammograms and glucose calibration curves (C) of burned 
MWCNTs array electrodes without and with the modification of Triton X-100 
surfactant, followed by FcMe2-C3-LPEI and GOx hydrogel film . For CV test, scan 
rate=50 mV/s in PBS at 25C.  For glucose response, E=0.5 V vs. SCE; (B) The 
relationship between redox peak separation (∆ Ep)and  surfactant amount applied on 
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To evaluate the effect evenly spread of redox polymer hydrogel film and the 
surfactant loading on the electrochemical performance of MWCNTs array electrodes, 
cyclic voltammetry was performed and is shown in Figure 6.6 (A). Surprisingly, the 
oxidation and reduction peak current of MWCNTs electrodes decreased with the 
treatment of Triton X-100 aqueous solution, although the wettability of redox polymer 
hydrogel solution on MWCNTs electrodes improved. With the increase of surfactant 
loading on MWCNTs array surface, there was an obvious decrease in peak current. 
One possible explanation for this decrease is that that the presence of surfactant film 
inhibited electron transport from polymer active sites to electrode surface. The 
relationship between redox peak separation and the surfactant amount applied onto 
MWCNTs array is shown in Figure 6.6 (B). From this figure, peak separation between 
oxidation and reduction peak of MWCNTs forest electrodes decreased with surfactant 
treatment. The glucose responses of MWCNTs array electrodes without and with 
different loading of Triton X-100 are shown in Figure 6.6 (C). As shown in this 
figure, modification of MWCNTs array electrodes with low loading of Triton X-100 
surfactant (<2%) did not change the limiting current density output obviously. 
However, further increase in the surfactant solution loading decreased the glucose 
response.  
The glucose response of MWCNTs electrodes with modification of Triton X-
100 surfactant are not consistent with the electrochemical response showed in Figure 
6.6(A), suggesting that the electron transport process is not limited by electron 
transport from the actives sites of redox polymer network to electrode surface. 
Besides, from the above results, it can be concluded that the spread of redox polymer 
hydrogel solution over MWCNTs array forest with the treatment of surfactant did not 
improve the electrochemical and enzymatic performance of electrodes. There are two 
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possible reasons. One is that the presence of surfactant affected electron transport 
process between redox hydrogel films to electrode surface. Another possibility is that 
only a small proportion of the nanotube forest surface is electrochemically accessible.  
In order to estimate the percentage of MWCNTs forest electrodes 
electrochemically accessible, we performed cyclic voltammetry of burned MWCNTs 
forest electrodes, without the modification of surfactant and redox polymer hydrogel 





 . By applying Randles-Sevcik equation, the effective electrochemical 
surface area of MWCNTs forest electrodes was estimated to be 0.6555 cm
2
. Using 
Xiong et al’s method, the total theoretical geometric area of the same MWCNTs 
electrodes was determined to be 418.93 cm
2
. Therefore, the majority (99.8%) of 
nanotube forest surface is electrochemically inaccessible. The extremely low 
proportion of electrochemically accessible nanotube forest surface may due to the 
poor interconnection between nanotubes, resulting in some portion of nanotube forest 
to be electrochemically isolated. Besides, since the MWCNTs forests were grown on 
a silicon substrate, a thin insulating layer of silicon dioxide may have formed between 
nanotube forests and substrate, inhibiting electron transport from nanotube to the 
external electron circuit. The electron transport from the redox polymer hydrogel film 
to external electron circuit was mainly achieved via the partially interconnected 
nanotube via amorphous carbon. Therefore, how to create an effective electron 
transport network between nanotubes or between nanotubes forest to substrate is of 
great importance to achieve high current density output of redox polymer hydrogel 
film modified electrodes. There is great potential to get high current density output of 




Vertical oriented MWCNTs forest was successfully prepared on silicon 
substrate by chemical vapor deposition. SEM images indicate that the length of 
MWCNTs forests was around 20 µm with an average diameter of 30 nm. The 
potential application of using high surface MWCNTs forest as substrate to construct 
redox polymer and enzyme hydrogel film was evaluated by cyclic voltammetry and 
constant potential measurement. Our results indicated that incorporating high surface 
MWCNTs forest into redox polymer hydrogel electrodes resulted in significant 
increase in redox peak current and background current, but lower glucose response. 
Burning nanotube forest led to an obvious increase in the limiting current density, 
reaching 741µA/cm
2
 at glucose saturating concentration of 100 mM. In order to 
improve the wettability of MWCNTs forest electrodes, Triton X-100 aqueous solution 
was applied to treat MWCNTs forest surface, prior to the coating of redox polymer 
and enzyme hydrogel solution. However, increasing wettability of redox polymer and 
enzyme hydrogel solution on top of MWCNTs forest did not enhance the 
electrochemical and enzymatic performance significantly, which may due to that the 
majority of MWCNTs (>99%) was electrochemically inaccessible. Therefore, how to 
improve the electrical interconnection between nanotubes or between nanotube and 
substrate to take full advantage of the high surface of nanotube forest provide a great 
potential to prepare electrodes with high current density output. 
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Conclusions and Recommendations for Future Work 
CONCLUSIONS 
This dissertation examined the construction of various carbon nanotube based 
structures to fabricate high powered and stable enzymatic biofuel cells. The effects of 
(i) dispersing carbon nanotubes with different surfactants; (ii) varying the type of 
carbon nanotube type; (iii) varying the carbon nanotube loading; and (iv) varying the 
method of carbon nanotube incorporation on the electrochemical and enzymatic 
performance of redox polymer-enzyme electrodes and biofuel cells was investigated.  
In chapter 2 it was demonstrated that the type of surfactant used to disperse 
single-walled carbon nanotubes (SWNTs) and form high surface area SWNT 
networks on glassy carbon electrodes was an important parameter in the 
electrochemical and enzymatic performance of redox polymer-enzyme films. The use 
of non-ionic surfactants, such as Triton X-100 and Tween 20, to disperse (6,5) 
SWNTs and form SWNT networks resulted in an increased response to glucose  (∼ 
1.7− 2.1 mA/cm
2
), while SNWTs dispersed with anionic surfactants (e.g. sodium 
cholate or NaDDBS) significantly reduced the enzymatic response (>0.4 mA/cm
2
). 
The fact that similar  results were observed when three different redox polymers 
(PVP-Os, Fc-C6-LPEI, Fc-C3-LPEI) were used demonstrated the importance of 
surfactant type.  
In Chapter 3 it was demonstrated that the method of fabricating high surface 
area SWNT networks could not only improve the performance of glucose oxidase 
based films, but could be used with other redox polymer-enzyme films. Both the 
electrochemical and enzymatic performance of anodic films made with the enzyme 
fructose dehydrogenase or cathodic films made with laccase was also improved 
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through the use of the SWNT networks. The maximum current density of fructose 
sensitive films (Fc-C6-LPEI/FDH) increased from 245 μA/cm
2
 without any SWNTs to 
~1 mA/cm
2
 with (6,5) SWNTs films. Similarly the response of laccase based films 
(PVP-Os/Laccase) increased from ~160 μA/cm
2
 (without SWNTs) to 366 μA/cm
2 
(with SWNTs) in response to oxygen.  
In Chapter 4 it was demonstrated that the type of single-walled carbon 
nanotubes used to form the SWNT network and the loading of the SWNTs had a 
significant effect on the enzymatic and electrochemical performance. In specific it 
was demonstrated that electrodes coated with a network of conductive (7,6) SWNTs 
exhibited higher current responses then electrodes coated with a network of semi-
conducting (6,5) SWNTs. In addition, increasing the amount of SWNTs deposited in 
the formation of the SWNT networks and the amount of redox polymer-enzyme 
solution deposited also increased the response to glucose producing current densities 
of ~11 mA/cm
2
. Similarly, the response of laccase films was also increased with the 
use of (7,6) SWNT networks producing a response to oxygen of 605 μA/cm
2
. 
In chapter 5, it was demonstrated that the method of incorporating SWNTs 
into the nanostructured composite films was an important parameter. In specific, a 
novel method of preparing the nanostructured electrodes was developed by adding 
conductive (7,6) SWNTs into the redox polymer-enzyme films  that were deposited 
onto a glassy carbon electrode previously modified with a high-surface area network 
of (7,6) SWNTs. This novel method produced glucose electrodes which produced 
current outputs of 16.2 mA/cm
2
 at 37 
◦
C which are among the highest reported among 
nanostructured glucose electrodes. Similar increases were observed when this method 
was applied to construct fructose dehydrogenase based electrodes resulting in current 





Finally in chapter 6, it was demonstrated that high surface area vertically 
aligned MWCNTs forest can serve as a platform to construct redox polymer-enzyme 
based electrodes. Although the current density output of MWCNTs forest based 
electrodes was relatively low at this stage, there is a great potential to increase the 
current density of electrodes by making more carbon nanotubes electrochemical 
accessible. The results showed that the majority of MWCNTs forest (>99%) was 
isolated and electrochemically inaccessible in this study. 
RECOMMENDATIONS FOR FUTURE WORK 
There are three issues of particular importance to be addressed in future 
studies. First, increasing the current density output of the cathode is critical to 
construct enzymatic biofuel cell with high power densities. According to our results, 
the current density output of the cathode is significantly lower than that of anode, and 
thus limiting the power density output of biofuel cell. We proposed several strategies 
to increase the current density output of the cathode. The first strategy is to improve 
the purity of redox enzymes. Generally, commercially available enzymes have a large 
amount of impurities, including support materials and stabilizers, which can impair 
the enzymatic activity. For example, the laccase we purchased and applied in the 
construction of the cathode electrodes had a low activity of 13.6 unit/mg. Therefore, 
increasing the activity of enzyme by purification might be a promising way to 
increase the current density of the cathodes. The second strategy is to employ air 
breathing enzymatic biocathodes. The low solubility and slow diffusion rate of O2 in 
aqueous solutions are the two significant factors affecting the current density output 
of cathode electrodes immersed in aqueous solutions. Designing air-breathing 
enzymatic biocathodes that can operate using gas phase O2 would be a promising way 
to eliminate these two issues mentioned above, since the concentration of oxygen in 
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air is much higher than water 
4
. Nicholas et al 
218
 prepared osimum redox polymer 
mediated biocatalytic air breathing cathodes, producing current densities of 1 
mA/cm
2
. However, the electrodes were not stable due to water loss from the cathode. 
Later, Gellett et al 
219
 prepared air breathing laccase electrodes based on direct 
electron transfer, the biocathode produced a high current density of 50 mA/cm
2
 , and 
exhibited a lifetime of 290 h in a direct methanol fuel cell.  
The third strategy is to apply high surface area, 3-dimensional carbon substrate 
such as hybrid nanotube microfibers, carbon nanotube forest, or carbon nanotube 
disks to construct cathode electrodes with high current density output. Feng Gao et al 
202
 prepared hybrid carbon nanotube wires for the preparation of redox polymer 
mediated enzyme electrodes for enzymatic biofuel cell application with a power 
density of 740 µW/cm
2
 at 0.57 V. In our study, all electrodes were constructed on 
glassy carbon electrodes with the modification of carbon nanotube. Applying 3D 
carbon nanotube substrate with high porosity to construct cathode electrodes using the 
strategy developed in our study might increase the current density output of cathode, 
hence the power density of enzymatic biofuel cell. In chapter 7, we applied MWCNTs 
array to construct enzyme electrodes, but the majority of MWCNTs nanotubes were 
electrochemically inaccessible. Therefore, improving the electrical interconnection 
between nanotubes or between nanotube and the substrate should allow one to take to 
take full advantage of the high surface area of the nanotube forests and thereby 
prepare electrodes with high current density output. 
Aside from optimization of cathode, the current density output of the anode 
can be further increased by utilizing enzyme cascades to completely oxidize glucose 
and collect all of the available electrons. In the study of this dissertation, the anode 
electrodes used a single enzyme (glucose oxidase) to oxidase glucose to 
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gluconolactone, generating 2 electrons. However, there are 22 more electrons that can 
potentially be extracted through the complete oxidation of glucose. The complete 
oxidation of glucose by applying an enzyme cascade, while using the nanostructured 
strategy we designed in this study, should further improve the current density output 
of glucose electrodes.   
The cell voltage of biofuel cell will also need to be improved in order to 
achieve real application of enzymatic biofuel cells. For direct enzymatic biofuel cell 
without mediator, the cell voltage of the biofuel cell is normally determined by the 
redox potential difference between the redox enzymes at the anode and cathode. 
Taking glucose/O2 biofuel cell constructed in this study for example, the cell potential 
is equal to the potential difference between the reduction potential of T1 copper center 
of laccase (0.539 V vs SCE) and the oxidation potential of FAD actives of GOx (-0.21 
V vs SCE), which should theoretically produce a cell potential of 0.749 V.  However, 
the cell voltage of the enzymatic biofuel cells in our study was much lower (0.35 mV) 
than the theoretical value (0.749V), due to the presence of over-potential resulting 
from the potential difference between enzyme and redox mediators, ohmic resistance 
and mass transfer loss.  In order to improve the cell potential of biofuel cell, efforts 
should be made in developing new redox mediators to minimize the overpotential.  
The lifetime of enzymatic biofuel cell needs to be increased to the time frame 
of years to achieve real world application of enzymatic biofuel cells as power sources 
for implantable biomedical devices. Currently, the lifetime of enzymatic biofuel cells 
is around several weeks. From our results, the incorporation of carbon nanotube into 
enzymatic biofuel cell in this study significantly improved the stability of cell, but 
efforts need to be made to further increase the lifetime of enzymatic biofuel cells.  
One approach would be to chemical crosslink a highly concentration of enzymes onto 
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the nanostructures materials. Byoung Chan Kim et al 
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 prepared highly stable 
enzyme precipitate coating of glucose oxidase by precipitating GOx molecules in the 
presence of ammonium sulfate, then crosslinking the precipitated GOx aggregates on 
the surface of electronspun polymer nanofibers with carbon nanotubes. The enzyme 
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APPENDIX A: Estimation of the proportion of surface area of MWCNTs 
electrochemically accessible 









FnCAFnip   
At room temperature: 
2/12/12/3 ***268600 CDAnip   
Where iP is peak current, n is the number of electrons appearing in the half-reaction of 
the redox couple, which is equal to 1 in this case, υ is the scan rate, which is equal to 
0.001 v/s in this case; F is Faraday’s constant (96485 C/mol), A is the area of 
electrode area (cm
2





, R is the universal gas constant (8.314 J/(mol·K)), D is the 













Figure A-1 CV curves of burned MWCNTs array electrodes without redox polymer hydrogel film in 




































































































Table A.1 Estimation of electrochemical surface area of MWCNTs array electrode by cyclic 
voltammetry or measurement 





Electrode 1 23.044  0.807 0.662 
Electrode 2 14.974  0.524 0.47 
Electrode 3 26.48  0.927 0.457 
Electrode 4 10.40  0.364 0.673 
Average   0.6555 0.5655 
 
 
A.2 Calculation of theoretical surface area of MWCNTs array 
Diameter of MWCNTs: 30 nm 
Height of MWCNTs forest: 20 um 
Surface area of one nanotube: 
28212215269 10884.110884.11018841020103014.3 cmmmmdlSone
    

















Weight of nanotube per cm
2
 of substrate: 1 mg/cm
2 










































































Where n is the total number of MWCNTs on one cm
2
 silicon substrate 
According to references
221
, the real density of MWCNTs per square centimeter of 





































   
The total number of MWCNTs on one cm
2
 silicon substrate is estimated to: 
n=3.932×10
10







































































The total surface area of MWCNTs on one square centimeter silicon substrate is: 
24.7402210404.72810884.1101093.3 cmcmcmdlntotalS 
   
 
There the total surface area of MWCNTs array on Si substrate in the experiment is : 
 
Table A.2 Estimation of the ratio of electrochemical surface area to theoretical surface area 
Electrode 
Electrochemical 










surface area to 
theoretical surface 
area 
Electrode 1 0.807 490.14 0.165% 
Electrode 2 0.524 347.99 0.151% 
Electrode 3 0.927 338.37 0.27% 
Electrode 4 0.364 499.23 0.073% 
Average   0.165% 
 
 
 
 
 
 
